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Abstract
Alumina is a candidate material for the reinforcement of molybdenum disilicide, 
potentially offering improvement in both the low and high temperature mechanical 
properties. In this work, emphasis has been placed on the influence of alumina on the 
microstructure of powder processed MoSi2 and the effect of the reinforcement on the 
room temperature properties.
A range of MoSii matrix composites containing 5, 10, 15 and 20 vol% alumina, were 
fabricated by hot-pressing at both 1550°C and 1680°C along with monolithic MoSiz. 
Powder processed MoSi2 generally results in the inclusion of silica in the microstructure 
as a consequence of powder oxidation during handling and processing. Chemical 
analysis using a scanning electron microscope has shown that the alumina additions react 
with the silica to fomi stoichiometiic mullite. It was detennined that 15 vol% alumina 
was required to convert all of the free silica to mullite. Equilibrium conditions were not 
obtained in any of the composites; residual silica was present in the composites 
consisting of 5 and 10 vol % alumina, and an amorphous silicon rich phase was present in 
the composites of 15 and 20 vol% alumina. Increasing the processing temperature or 
annealing of the samples resulted in a greater volume fraction of the silica being 
converted to mullite. Transmission electron microscopy identified that the reinforcement 
phases consisted of crystalline mullite coated alumina particles, discreet mullite particles 
and a residual silicon rich, aluminium containing glass. From these microstructures the 
nucléation and growth mechanisms of mullite in the composite materials were 
formulated.
The fracture toughness of these materials, measured using an indentation fracture 
technique and a double cantilever beam technique, was found to be approximately 
3 MPa m^ ^^  and it was observed that reinforcement phases did not significantly alter the 
fracture behaviour of MoSi2. MoSi2 was observed to fracture predominantly in a 
transgranular fashion, which was attributed to its crystal structure. Residual stress 
calculations have shown that mullite will have a similar influence on the fracture 
behaviour of MoSi2 as silica. From tlrree-point bending tests of small samples, the 
strength of these materials was observed to be around 520 MPa. The flaw size was 
estimated to be on a similar scale to the second phase inclusions, suggesting that these are 
the failure origins. Wliilst the secondary phases have done little to improve the room 
temperature properties, it is envisaged that the resultant microstructure, in which the 
silica has been removed, should be more creep resistant than monolithic powder 
processed MoSi2-
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Nomenclature
a - indentation diagonal half-length
b - breadth of bend or DCB sample.
bn - thiclmess of grooved portion of a DCB specimen
c - crack length or flaw size
C - compliance
Ceff - effective test-line length
Cl - total test-line length
d - depth of dimple, bend specimen depth or oxide thickness
dc - critical particle size
D - Mati'ix grain size
D\v - diameter of grinding wheel
E - Elastic Modulus
Eb - Binding Energy
Ec - Elastic modulus of a composite
Ek - Kinetic Energy
Em - Elastic modulus of a mati'ix
Ep - Elastic modulus of particulate reinforcement
f - volume fi'action of second phase
G - Sti’ain energy release rate
h - DCB sample height
hn - height of grooved portion of a DCB specimen
Vlll
hn - Energy of electromagnetic radiation source
Hy - Vickers Hardness
I - Second Moment of Area
Id - Metal intensity
Iq - Oxide intensity
Ki - Mode I sti'ess intensity factor
Kic - Mode I critical sti'ess intensity factor (Fracture Toughness)
- Indentation Fracture Toughness 
L - Outer bend span (3-point bending)
M - magnification
Naa - number of intercepts with boundaries of contiguous gi ains
Nab - number of intercepts with the interfaces between the primary and secondary
phase
Neff - effective number of intercepts
P - Load
r - radius of dimple
s - particle aspect ratio
T - Temperature
Vp - volume fraction of reinforcement
w - sample width
Ws - weight of specimen in measured in air
AWs - difference in weight of the specimen before and after its emersion in water
y - distance from the edge of a section to its neutr al axis
IX
a,n - Coefficient of tliemial expansion of a matrix
ttp - Coefficient of thermal expansion of a particle
8 - deflection
ÔE - Electrostatic charge
Aa - Difference in coefficient of thermal expansion between two phases
AT - Temperature difference
(j) - Spectr ometer work function
X - Inelastic mean free path
V - Poisson’s ratio
Vm - Poisson’s ratio of a matrix
Vp - Poisson’s ratio of a particle
Ps - specimen density
pw - density of water
<7 - strength
(7c - critical failure stress
ctr - Residual stress
X
Chapter 1; Introduction
1.1 Background to the Project
The development of high temperature structural materials for advanced gas turbine 
engines poses a great challenge to the materials science community. As the peak 
operating temperature increases, the efficiency of engines also increases. The limiting 
temperature is that at which cuiTent high temperature structural materials can operate for 
the given environment.
After over fifty years of development of superalloys, components of these materials can 
now operate at temperatures as high as 80% of the melting point of nickel and no other 
materials have such a balance of engineering properties. The superalloys have virtually 
reached the limit in terms of operating temperature and future developments in protective 
coatings may only increase the maximum operating temperatures by a few degrees. 
Alternative materials that are lighter, stronger and with a higher potential operating 
temperature are being sought.
The research for alternative materials has centred on two materials classes. Advanced 
ceramic materials are generally less dense and reasonably strong at elevated temperatures 
up to around 1400 °C, although they are limited by their brittleness at low temperatures. 
Composite ceramic systems have shown reasonable improvements in properties at both 
low and high temperatures. Inteimetallic materials are the other class of materials that 
are receiving significant attention. An inteimetallic compound is generally an alloy 
phase formed between two metallic elements. These two elements are mixed in specific 
stoichiometric ratios and usually ordered on two or more sublattices. Nickel, iron and 
titanium aluminides were the first inteimetallics to be considered, indeed Ni3(Al,X) is the 
principal strengthening phase in the Ni based superalloys. However, during the past
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fifteen years significant research has been undertaken on intennetallic alloys based on 
refractory metal silicides,
MoSi] has probably received the greatest attention of the various silicides as a direct 
consequence of its high melting point, excellent oxidation resistance at high temperatures 
and its adequate density. However, MoSig suffers ftom pest oxidation at low 
temperatures and poor ductility and fracture toughness at room temperature. Alloying of 
MoSi2 to improve the low temperature ductility has formed a large part of the research on 
this system. Improving the low temperature ductility, though, will potentially result in a 
degiadation of the high temperature properties. By using a “composites” approach, the 
room temperature fracture toughness may be improved along with the high temperature 
mechanical properties. MoSi2 as a potential matrix material can be reinforced with either 
a ductile phase to significantly improve the low temperature properties but ultimately 
limit the ceiling operating temperature, or be reinforced with a brittle ceramic phase to 
improve the high temperature properties with a small improvement in the low 
temperature fracture toughness.
This research is part of a wider programme on the development of M0 S12 based materials. 
The work presented in this thesis is a study of the influence of alumina on the 
microstiucture and mechanical properties of powder processed MoSi2.
The research described in this thesis had the following two objectives:
To study the influence of alumina on the microstructure of powder 
processed MoSi2, which is commonly observed to contain amoiphous 
silica and characterise the interaction of the alumina with the silica.
To investigate the potential benefits of ahunina additions on the 
mechanical properties of MoSi2.
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1.2 Structure of the Thesis
The sti'ucture of the thesis is as follows. The literature is reviewed in chapter 2 beginning 
with the selection of MoSia and outlining its baseline mechanical and oxidation 
properties. This is followed by a brief review of the progress of alloying on the 
properties of MoSia. Subsequently, results of composite MoSiz materials are compared 
and the literature regarding MoSi2-Al203  systems reviewed. The likely toughening 
mechanisms that are expected to occur are discussed. Finally, the phase equilibria and 
properties of mullite are reviewed because of the potential for mullite formation in these 
systems.
Chapter 3 deals with the experimental details involved in characterising the 
microstructures, whilst chapters 4 and 5 present the results and discussion concerning the 
microstiuctural evolution during processing.
Chapter 6  assesses the mechanical properties of MoSi2 and MoSi2-Al203 composites and 
discusses the results in terms of the observed microsti'uctures. Chapter 7 presents the 
conclusions of this research and suggests possible topics for future work.
Chapter 2 
Literature Review
2.1 Introduction
The demand for new materials for high temperature structur al applications has been a 
key driver for the research on intermetallic-based alloys and composites. The following 
literature review will begin by simnnarising the desired properties of high temperature 
stiTictural materials. Then it will consider the factors that have led to the selection of a 
number of compounds with the best potential for development and the reasons behind 
selecting molybdenum disilicide for this study.
Following this introduction, the histoiy of the development of molybdenum disilicide 
will highlight the improvements in properties that have been achieved by both alloying 
and through a ‘composites approach’. The relationship between processing and 
behaviour of the material is reviewed briefly, concentrating on powder route processing 
and, in particular, hot pressing. The choice of a brittle reinforcement, alumina, will be 
explained and the ways in which this addition is likely to benefit both the low 
temperature fractme toughness and high temperature mechanical properties of 
molybdenum disilicide are discussed. Included in this review are sections concerning 
the toughening mechanisms likely to be exhibited and the potential foiination of mullite 
within the molybdeniun disilicide matrix. The benefits of this are also discussed.
2.2 Intermetallics for High Temperature Structural 
Applications
2.2.1 Selection of Molybdenum Disilicide
hi recent years the search for high temperatine stmctinal materials for application in, 
amongst other things, advanced gas turbine engine components, has looked to 
inteimetallic based materials to replace the nickel-based super alloys. There are two
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key reasons that exist as to why inteimetallics have gained such interest (Westbrook, 
1995): Firstly, research and development on the compound TigAl led to early success 
with good mechanical properties up to 1000°C. Secondly, the reported observation that 
small additions of boron to M 3AI alloys enlianced the ductility and foimability of 
nickel based alloys. In addition, the discovery that, for the TisAl alloys, substitution of 
titanium by niobium or molybdenum improved low temperature ductility and 
foimability created great interest in finding other inteimetallic systems that could be 
alloyed to obtain a reasonable property balance.
Over the last twenty yeai's, several reviews of the development of inteimetallic alloys 
have been published. Fleischer (1987) compiled a preliminary ranking of 293 
inteimetallic compounds that melt at > 1500°C. This list was derived from a 
consideration of basic properties that are insensitive to processing history such as 
density and melting temperature. This review presented the data by crystal structure on 
plots of specific gravity versus melting temperature. As an example, figuie 2.1 plots 
specific gravity versus melting temperature for all the 293 compoimds surveyed and, 
ideally, materials should be selected from the lower right of the plot. The main 
assumption being that for materials with the same, or similar, ciystal stiuctures, the 
elastic and plastic behaviom* will essentially be equivalent. As such it was relatively 
simple to select candidate materials for optimum specific strength and specific stiffiiess 
from other materials that were likely to have similar properties.
The reviews by Anton, et a l (1989) and Pope and Darolia (1996) aimed to highlight the 
progiess and importance of intennetallic systems by bringing them to the attention of 
the wider materials science coimnunity. The review of Dimidulc et al (1992) targeted 
materials specifically for aerospace systems, concentrating on the developments of the 
titanium- and nickel-ahmiinides in comparison with the Ti-based and Ni-based alloys, 
hi addition, these authors noted the narrowing down of the list of potential candidate 
materials for aerospace application from the literally hundreds mentioned previously to 
about ten compounds that they believe exhibit high development potential. These were 
(in no particular order): MoSia, MosSis, Nb5Si3, Nb3Al, CrzNb, CisSi, Nb2Al, Ci2Hf, 
Ci2Ta and RuAl.
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>- 8.04'^^V** '' • *S .*• • * .* ' t , \  • * '
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ALL
INTERMETALLICS
2 0 0 0  2500
MELTING TEMPERATURE (''C) 3000
Figure 2.1 Plot of melting temperature versus specific gravity for 293 binary intermetallics 
(after Fleischer, 1987). For high temperature structural applications, it is desirable for to 
select a material towards the lower right.
These intemietallic materials generally exhibit at least one, but not all, of the desired 
properties for high temperature applications. Cuixent research of these materials aims 
to improve those properties that are deficient without sacrificing the others to get a 
good balance of properties. Table 2.1 lists the critical properties required of 
inteimetallics and their defining characteristics.
A high melting temperature is the most obvious requirement as this must be higher than 
the operation temperature and, in general, creep resistance increases with increasing 
melting temperature. The natiue of the bonding is also key to creep sti ength as this can 
detemiine the creep mechanisms. However, the natiu*e of the bonding, crystal structme
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and stoichiometiy leads to materials being brittle at room temperature. Most 
inteimetallics undergo a brittle to ductile transition in the region of 1000°C because of 
the low levels of symmetry in the ciystal stmcture or a large nimiber of atoms in a unit 
cell.
Table 2.1. Critical properties of inteimetallics 
for high temperature applications
Property Defining Characteristics
Creep Sti’ength Melting temperature 
Nature of bonding
Oxidation Resistance Activity of oxide-foiming element
Ductility and brittle to Crystal structure
ductile transition 
temperature
Stoicliiometiy
Thermal expansion Melting temperature 
Nature of bonding 
Ciystal stmcture
Elastic modulus Ciystal stmcture 
Nature of bonding
Alloying potential Width of phase field
Density Principal element 
Crystal structure
The low (room) temperature properties must be such that the material can be handled, 
processed and assembled without too much risk of damage. Hence, some ductility and 
touglmess are required (Pope and Darolia, 1996). Thus, research efforts have 
concentrated in alloying of binary inteimetallics to allow solid solution strengthening 
and the addition of second phases. In addition, various composite techniques are being 
pursued with metal and ceramic reinforcements, wliich shall be discussed in § 2.4 and 
2.5.
hi the quest for more economic transport, saving weight is veiy important, thus ideally 
density needs to be as low as possible (Anton et a l, 1989). A lower weight component 
that can operate at a higher temperature could greatly increase efficiency. A lower 
density is also beneficial to creep rates, because the centripetal acceleration of a 
component composed of a less dense material will be less than that for a denser 
material.
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Molybdenum disilicide (M0 S12) is a candidate material for high temperature structmal 
materials. Already used for high temperature heating elements and as a fimiace lining 
because of its stability in air at elevated temperatures for extended periods, future 
applications of this material in a structural role ai e being considered.
Current materials for high temperature stmctinal components of jet engines aie Ni-base 
superalloys. The comparison of key properties of these alloys with MoSi2 in table 2.2 
shows that this intennetallic could prove an attiactive alternative.
Table 2.2. Comparison of key properties of MoSii and Ni-base superalloys.
Property MoSi2 Ni-base superalloy
Density (Mg iiT^ ) 6.25 8.9
Melting Point (°C) 2 0 2 0 1340
Resistance to oxidation Up to 1500°C Up to 1175°C 
imcoated;
Up to 1230°C coated
Thermal Conductivity 21°C: 0.635 0.108
(W cm ' K '') 1100°C: 0.285 0.288
Coefficient of Thermal Expansion 
(xlO^°C*) (room temperature to 
1200°C)
8.1 10
Elastic Modulus (GPa) 400 130
The key properties that malce MoSi2 an attractive material aie the lower density, higher 
melting point and resistance to oxidation. With the monolithic material the major 
obstacles are the low temperature fi*actine touglmess and catastrophic pest oxidation 
around 500°C (details of which will be discussed in § 2.2.2). With a brittle to ductile 
transition temperature of around 1000°C, toughness and sti'ength are not a major 
problem above this temperature.
The baseline properties of monolithic MoSi2 are generally taken to be those reported by 
Gac and Petrovic (1985). At room temperature, it is generally accepted that monolithic 
MoSi2 has a fracture touglmess in the region of 2.5-3 MPa m^ ^^ , a Vickers hardness in 
the region of 800-1000 VHN and a flexine strength of approximately 250 MPa.
MoSi2 could be described as a ceramic compoimd. The main difference from the 
definition of a generic ceramic is that the atomic bonding in M0 S12 is a mixture of
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covalent and metallic rather than ionic and covalent. Certainly, at lower temperatures, 
its mechanical behaviour is much like that of most ceramic materials, i.e. having a high 
stiength coupled with brittleness, hence fractine touglmess is a major concern. In 
addition, MoSia exhibits a high electrical conductivity compared with ceramics, 
exhibiting metallic like conductivity, rather than semiconductivity. At liigh 
temperatures, above the brittle to ductile transition temperature, MoSig exhibits a 
reasonable strength but creep rate becomes an issue (Bose, 1992).
To gain a frindamental understanding of the mechanical properties of MoSi2 and how 
they maybe improved it is necessary to examine its crystal structure and properties of 
single crystals. Goklaale and Abbaschian (1991) carried out the most recent evaluation 
of the Mo-Si system shown in figine 2.2. MoSi2 is one of tlnee molybdenum silicide 
compounds in the system. MosSi is cubic and decomposes peritectically at 2025°C. 
MosSia is tetragonal and melts congruently at 2180°C. The tetragonal a-MoSi2
Weighl Percent. Silicon
30
P
-ocJdLSSQÎS*---
E m1600 '
■
VI
(S i)
0030 40 50
A t o m i c  P e r c e n t  S i l i c o nMo
Figure 2.2 The Mo-Si binary phase diagram (after Goldiale and Abbaschian, 1991).
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transforms to hexagonal p-MoSii at 1900°C with a congruent melting point at 2020°C. 
Due to the narrow phase fields of these silicides (virtually line compounds), there is a 
likelihood of finding a small concentration of phases from either side. For example in 
MoSia if, during production from elemental materials, it is slightly molybdenmn rich 
this will result in a small concentration of MogSia. The MosSia phase, although it has a 
higher meltmg temperature, is not desirable because, firstly, it is significantly denser 
(8.24 Mg m'^) and secondly it has very poor oxidation resistance. Similarly if the 
starting concentration were silicon rich, one would expect there to be a concentration of 
silicon, although this generally is present as silica due to the temperatures involved 
during processing causing its oxidation.
The crystal structure of a-MoSiz is the Cl lb type. As shown in figure 2.3 (a), it can be 
viewed as the stacking of tlii'ee body-centred sub-imit cells that have been compressed 
along the c-axis. There was uncertainty in the literatme as to whether the C40 
(hexagonal) p-MoSi], figure 2.3 (b), was an equilibrium phase. Observation of p- 
MoSiz has been found to form mainly under non-equilibrium processing conditions, for 
example in plasma-spray processed alloys and mechanically alloyed MoSiz powders, 
and was generally believed to be a metastable phase. Frankwicz and Perepezko (1998) 
studied the phase stability of the C40 and Glib MoSi2 at high temperatures. They 
confirmed that the C40 p phase was a metastable phase that could be foiined tluough 
rapid solidification teclmiques and that the Glib phase was the equilibrium phase up to 
the melting point at aiound 2020°G.
The plastic defoimation of single crystal MoSi2 has been studied intensively. 
Umakoshi et al (1990) made the first systematic study on this system and reported that 
MoSi2 single ciystals could be defoimed plastically above 1000°G regardless of crystal 
orientation but that their strength depended strongly on crystal orientation; orientations 
closer to [001] are much harder than other orientations. Results reported by Kimiu*a et 
al (1990) are essentially similai' to those reported by Umakoshi, although the results 
reported by Maloy et al (1995) conflict with those reported by the former two groups 
regarding the operative slip systems. However, in all tlnee studies, there is general 
agieement concerning the lowest temperature above which plastic flow is possible and 
the orientation dependence of yield stress. From these studies and others since, it is
10
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possible to say that the brittle to ductile transition temperature for MoSi2 is around the 
900 to 1000°C. As the temperature increases, more slip systems become active, 
resulting in gi*eater plastic flow imder an applied stress.
H — H0.32 nm
(a)
0.786 nm
Si or AI
Mo ( 0.656 nm
0:462.0.472 nm
(b)
Figure 2. 3 (a) The stable Cllb tetragonal crystal structure of MoSiz; (b) 
the metastable C40 hexagonal crystal structure that can be stabilised by 
alloying with A1 (after Frankwicz and Perepezko, 1998).
The mechanical behaviour of a single crystal material may differ substantially fi'om the 
behaviour of a polycrystalline material. Oxygen is invariably incorporated during 
synthesis and processing of MoSiz. Oxygen reacts with silicon to fomi a glassy SiOi 
second phase in the MoSi2 matrix. Tins Si0 2  phase is responsible for the excellent 
oxidation and coiTosion resistance of MoSi2. hi monolithic polyciystalline MoSi2 the 
presence of silica at the grain boundaries, with a softening temperature of about 
1500°C, has been shown to be detiimental to the high temperature creep properties. 
The role of silica on the oxidation behaviour and mechanical properties will be 
discussed in more depth later.
The fonnation of significant amoimts of Si0 2  has the effect of shifting the matiix 
composition to the molybdenum rich side of MoSi2, thereby increasing the amount of 
MogSi] present, hi many hot pressing studies of MoSi2, a phase identified as MosSiaC 
has been reported, hi an initial study of the fonnation of Si0 2  in MoSi2 by Cotton et al
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(1991), it was hypothesised that this MosSisC phase resulted from the diffusion of 
carbon from the gmphite dies used in the hot pressing of their material into the body of 
the sample. This study also concluded that amoiphous Si0 2  particles were intrinsic to 
powder-processed MoSi2 and that generally the inclusion of Si0 2  could not be avoided. 
Also it was suggested that the silica acts as a sintering aid and a lubricant to enhance 
the densification of MoSi2 during hot pressing (essentially it is liquid phase sintering) 
because reports on hot pressed MoSi2 report very high theoretical densities, generally 
greater than 98%.
hi a further study by Maloy et a l (1992) the controlled addition of up to 4wt% carbon 
to powder processed MoSi2 resulted in the elimination of the grain boiuidaiy silica in 
hot pressed samples as well as the foimation of MosSisC and (3-SiC. Both hardness and 
hacture touglmess of these carbon containing alloys, 1300 VHN and
5.5 MPa 111^ ^^ respectively, exceeded those of the carbon-hee alloys. Also, fracture 
touglmess increased with increasing test temperature for the carbon containing alloy but 
decreased for the monolithic MoSi2.
2.2,2 Oxidation Characteristics of Molybdenum Disilicide
MoSi2 exhibits excellent oxidation resistance at elevated temperatm*es (1000-1500°C) 
where a thin continuous protective layer of Si0 2  forms. The formation of this layer 
corresponds to a small weight gain and no change in protection or behaviour over long 
periods.
The oxidation behaviour of MoSi2 can be divided into five temperature regimes and 
was compared with other silicide materials by Berztiss et al (1992):
(i) T<300°C. MoSi2 is stable and oxidation is negligible;
(ii) 300°C<T<550°C. Accelerated oxidation of MoSi2 leads to disintegi'ation;
(iii) 600°C<T<1000°C. Transient oxidation regime for MoSi2 in which the oxide scale 
changes fr om non-protective to protective;
(iv) 1000°C<T<1400°C. Steady state oxidation of MoSi2 characterised by parabolic 
gi'owth of virtually pure Si0 2  protective layer.
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(v) T>1400°C. An increase in growth rate activation energy is observed, which is the 
same phenomenon as other SiO] forming materials such as SiC, Si3N4 and SiAlONs.
Berztiss et al. (1992) studied the oxidation behaviour of both cast and HEPed MoSi]. 
The results are summarised in figure 2.4 as weight change as a function of time for 
various atmospheres and temperatures. For temperatures between 600 and 1400°C, a 
marginal weight gain or loss was observed for all samples. The weight loss was 
attributed to loss of volatile M0 O3 and the weight gain due to the formation of an SiO] 
protective scale. The cast material, which contained many pre-existing cracks showed 
a significant weight gain at 500°C and disintegrated to a powder consisting of M0 O3 
and SiO: (the pest phenomenon). The HEPed material had an oxide scale up to 40 pm 
thick consisting of the same reaction products but remained in tact. The near full 
density obtained by HIPing prevented oxygen from entering the material through 
cracks. All the materials produced exhibited higher rates of oxidation above 1400°C.
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Figure 2. 4 Isothermal oxidation data for MoSi; in the temperature range 
of 400-1400°C (after Berztiss et a i, 1992).
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A major obstacle for MoSi: application in high temperature structural materials is its 
catastrophic oxidation at low temperatures. This is known as the pest effect and was 
characterised by Chou and Nieh (1993). This phenomenon occurs when the solid 
MoSi2 is exposed to oxidising environments in the temperature range of 400 to 
600°C where it disintegrates to a powder.
There are two possible oxidation reactions for MoSi]:
2 MoSi2 (s) + 7 O2 2 M0 O3 ( )^ Si0 2  (s)
5MoSi2(s) + 7 O2 —^ MOjSij(s) + 7Si0 2 (s)
(2 .1)
(2.2)
Although both reactions are thermodynamically feasible, reaction 2.1 is favoured, 
which results in the pesting phenomenon. The study by Chou and Nieh suggested 
that the pesting involved nucléation and growth mechanisms. They concluded that 
the pest reaction initially occurred heterogeneously at high energy sites such as grain 
boundary interfaces, cracks and sample edges, then propagated into the bulk of the 
samples. Studies on single crystals revealed that pest nucleated via the formation of 
Si-Mo-O blisters on the surface as the result of M0 O3 evaporation, as illustrated in 
figure 2.5. These blisters eventually burst forming thermodynamically stable SiO] 
clusters and M0 O3 whiskers. There is such a large volume change during this
M 0 Q 3  EvaporationOt-IVIO-LJ 1 1 1 1 1 1
 ^ • «.y-1 T T T
0 2 Diffusion
MoSia
M 0 O 3  Evaporation
v l l i . i t  ,1
(a)
SiQ2(Mo) Blisters
MoSi;
(d)
Burst-Open Busters
O2 Diffusion
Si0 2  Clusters and 
M0 O3 Whiskers
O2 Diffusion
Rested
Volume
Figure 2. 5 Illustration of the pest phenomenon of MoSi; (after Chou and Nieh, 1993).
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oxidation process tliat the themially induced sti'esses cause the disintegration. This 
allows further oxygen diffusion and M0 O3 evaporation to occur deeper in the sample. 
Berztiss et ah (1992) concluded that the pest phenomenon is to some extent a function 
of the fabrication conditions, the presence of rnicrocracks in the rnicrostrricture 
essentially leading to fi-agrnentation.
Experiments by Chou and Nieh (1993) and Meschter (1991) found that the addition of 
foreign particles can retard the kinetics of accelerated oxidation of MoSiz but cannot 
eliminate it. Pre-oxidation at temperatures greater than 1000°C also slows down 
pesting but not for a sufficiently long enough time period.
Above 600°C, pest oxidation has not been observed and reaction 2.2 (above) appears to 
be dominant. The transient oxidation regime (iii) sees the development of the coherent 
SiOz phase. As the temperature increases tlrrough this regime, any M0 O3 within the 
surface layers evaporates off allowing the complete coverage of SiOi. By 1000°C the 
Si0 2  layer is complete and a parabolic oxidation rate is observed because of the low 
oxygen permeation rates.
2.2.3 Fracture Toughness and Strength
The major problems preventing the use of MoSiz as a stmctural material are its 
mechanical properties. As has been mentioned already the room temperature fracture 
toughness of MoSi: is very low, approximately 2.5 MPa 111^ ^^ , thus tlie strength is 
controlled by flaws resulting in brittle fractme. Wade and Petiovic (1992a and b) 
studied the effect of processing temperature on the fracture behaviour of hot-pressed 
MoSi2. As the processing temperature was increased, the fracture touglmess of MoSi2 
decreased whilst the percentage of transgranular fracture increased. The larger giain 
size associated with the samples processed at higher temperatures suggested that low 
energy cleavage planes exist in MoSi2 that are more favourable to crack propagation 
than grain boundaries. However, above the brittle to ductile transition temperature the 
touglmess improves as the material can then defonn plastically and the high 
temperatme strength is controlled by plastic flow. Thus, in order for MoSi2 to find 
application as a high temperatme structmal material it will be necessary to toughen the
15
Chapter 2: Literature Review
material at lower temperatures (below 1000°C) while simultaneously improving the 
strength at liigher temperatuies (above 1000°C).
As previously mentioned improvement in fractme touglmess has been acliieved by 
alloying with carbon to remove the giain boimdaiy silica. In general, second phase 
reinforcements (brittle and ductile) have been added to MoSi2 in order to improve the 
mechanical properties. These reinforcements have resulted in two effects: 
improvement of room temperature fractme touglmess and improvement in high 
temperature strength and creep properties, without degrading oxidation resistance.
Alloying of the MoSi] matrix phase, either by substitution of Mo or substitution of Si, 
has also led to improvements in properties. It is likely that a hybrid material consisting 
of an alloyed MoSi2 base matrix phase with a suitable reinforcement will result in the 
desired improvement in mechanical properties.
2.2.4 Creep Deformation and Fatigue
The metallic like behavioiu of MoSii above its brittle to ductile transition temperature 
as well as some of its microstructural characteristics mean that its creep rate is poor in 
comparison with structural ceramics. MoSi2 defonns via dislocation glide and climb at 
high stresses and grain boundary sliding at low stresses. Under stress at temperatures 
that are above the softening point of silica, the silica contributes and exacerbates to the 
grain boundary sliding. Alloying and composites approaches have been attempted to 
improve the high temperature creep resistance of MoSi2 by modifying the grain 
boundary silica phase.
Studies on creep of MoSi2 by Bose (1992), Sadananda et ah (1992) and Sadananda et 
al (1999) have shown that both alloying and composites approaches can significantly 
improve creep deformation. These studies concluded that grain size was the most 
significant factor controlling creep. This is illustrated in figuie 2.6 where the creep rate 
is significantly reduced by increasing the giain size from 4 pm to 20 pm. For MoSi2 it 
has been shown that the giain size can affect power law creep. Although prior creep
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deformation has been shown to eliminate the effect of grain size on power law creep for 
MoSl2.
Figure 2.6 also compares the creep rate of MoSi2 based materials with other silicide 
materials, coarse grained MoSi2 shows better creep resistance than other silicides. This 
plot shows that the addition of second phase particles or whiskers significantly 
improves creep resistance. Second phases can control the matrix grain size during 
processing as well as pinning grain boundaries limiting grain boundary sliding. 
Alloying of MoSi2 with, for example, WSi2 and A1 results in some improvement in 
creep resistance, possibly altering dislocation glide and climb characteristics 
responsible for power-law creep. Reinforcement with 50 vol% Si]N4 has the greatest 
influence on creep rate. It also suggested that the strength contribution from alloying 
and reinforcements are additive (Sadananda et al, 1999).
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Figure 2. 6 Comparison of creep rate of MoSii and its alloys with other 
intermetallic systems. Note the large influence of grain size on the creep 
rate of monolithic MoSiz (after Sadananda et al., 1999).
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At the present time, little work has concentrated on fatigue properties. Sadananda et al. 
(1999) have carried out a preliminary study in comiection with creep testing which 
suggested that R-curve behaviom* induced by second phase reinforcements is beneficial 
to good fatigue properties. This increasing resistance to crack growth as a crack 
propagates should ensure that a fatigue crack is less likely to give rise to catastrophic 
failure, increasing the nmnber of cycles a component may take to fail.
Due to its poor low temperature mechanical properties and less than adequate creep 
resistance at high temperatures, MoSia must be reinforced as it is unlikely to find 
structmal application as a monolithic material. The alteration of mechanical properties, 
be they tlnough alloying or from a ‘composites approach’, must not effect the already 
good high temperature oxidation resistance. Therefore, it is important to consider the 
likely effect of whatever component is added. This can be done hypothetically with 
reference to phase diagr ams of the component with MoSi2 and Si0 2 , if  they exist, and 
by studying Ellingham diagrams to gauge the affinity that third elements may have for 
oxygen relative to silicon.
2.3 Processing and Consolidation of MoSi? Alloys and 
Composites
Many processing teclmiques have been used to prodirce MoSia alloys and composites. 
The details of these methods are beyond the scope of this review but have been 
reviewed more thoroughly by others (Jeng and Lavernia, 1994; Stoloff, 1999). Only 
hot pressing and the supporting sintering theory will be considered here as this was the 
processirrg method selected for this study. Table 2.3 outlines the methods in use with 
their respective advantages and disadvantages.
For this project, hot pressing was the selected processing method of consolidating 
MoSii composites. Since a wide variety of brittle matrix composites have been foiined 
by this method, the science is well imderstood. hi the field of ceramics, powder 
processing is the most coimnon way of forming materials. Due to the high melting 
temperatures of most advanced ceramics, a more economically viable method of 
consolidation is required. Sintering of powders at a fr action of the melting temperature
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(normally around 0 .8  Tm or less) allows diffusion processes to consolidate the material 
to near full density.
The macroscopic diiving force for sintering is the lowering of the free energy of the 
system by minimising the surface area and the replacement of solid/vapour interfaces 
with solid/solid interfaces. On a microscopic level, the difference in free energy 
between surfaces of different curvatures provides the driving force for material transfer 
to the neck area formed between two particles, by the fastest means possible. Thus, the 
finer the particle size the lar ger the driving force for sintering (Ashby, 1974).
There are thr ee distinct sub-categories of sintering:
(i) Solid-state sintering: no liquid is produced at any stage. All densification is 
achieved by changes in particle shape and size;
(ii) Liquid phase sintering: the composition of the green body and the sintering 
conditions are such that some liquid forms. This allows particle rearTangement but 
there is insufficient liquid to fill all of the pores;
(iii) Viscous phase sintering: sufficient liquid is formed to fill the porosity and bind the 
particles together.
With limited control of the material parameters important for sintering and capillarity, 
hot pressing is an effective supplement to the capillary forces with an externally applied 
pressure. This applied pressure is magnified at the contact area between particles 
adding to the capillary pressure (Coble, 1970). An added pressure of 35 to 70 MPa can 
result in an increase in driving force for densification by a factor of 10 to 20. In 
addition, because this pressure is applied to the grain boundaries and does not directly 
affect the neck curwature, densification is promoted rather than coarsening, meaning 
grain size should be more imiform.
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Table 2.3 Ovemew of processing methods used to synthesise MoSi2
Processing
Method
Key Features of 
Process
Advantages Disadvantages
Sintering Green body sintered in a 
furnace
Simple powder route 
processing
Generally low density unless 
viscous or liquid phase present at 
sintering temperature.
High oxygen content likely fiom 
pre-sinter powder processing 
leading to high levels of SiO;.
Hot Pressing 
(HP)
(Cotton et al. 
1991)
Powders sintered in graphite 
die at high temperature and 
under uniaxial pressure. 
Usually carried out in a 
vacuum or inert ahnosphere (e g. Ar)
Pressure assists 
densification leading to 
lower temperature 
requirement and higher 
densities than sintering. 
Sample fiee of 
macrocracks.
Porosity still an issue, oxygen 
content high due to processing of 
powders.
Limited shape capability. 
Anisotropy.
Hot Isostatic 
Pressing (HIP) 
(Suryanarayan- 
an et a!.. 1994)
Primary or secondary 
consolidation method. 
Sealed powder or preform is 
pressed under isostatic 
pressure at temperature. 
Used for laminate and fibre 
composites.
Higher density, 
shorter processing time, 
less additives required to 
aid densification.
Limited shape capability. 
Sealing techniques complicated. 
Difficult to scale up to mass 
production.
Reaction 
sintering 
(Hardwick et 
al. 1992)
Material formed by 
simultaneous reaction of 
elements or compounds and 
densification.
Many variants including 
reaction HP, reaction HIP, 
mechanical alloying, reactive 
vapour infiltration, shock 
synthesis.
Lower energy 
requirements, shorter 
processing time, lower 
capital cost and higher 
purity than other 
methods.
Inability to control reaction. 
Lower densities unless pressure 
applied, need to allow for 
removal o f any reaction product 
gases
Displacement
reactions
Variant o f hot pressing and 
reaction sintering: e.g. MogC 
+ 5Si SiC + 2M oSÎ2
Results in higher strength, 
toughness and purity.
Fine grain size detrimental to 
high temperature properties. 
Only small samples possible, 
difficult to scale up.
Melt
Processing (e.g. 
Arc Melting) 
(Cotton et al. 
1991)
Generally starting from 
ingots or beads of Mo, Si and 
other additions.
Melt formed by electric arc in 
a vacuum in a water cooled 
copper crucible.
Accurate control of 
additions and 
stoichiometry possible. 
Higher purity products.
Silicon evaporation may be a 
problem. Thermal stresses on 
cooling causing cracking. Very 
little microstructural control, 
grain size varies from very fine 
near crucible to very large at fiee 
surface.
Thermal/ 
Plasma 
spraying 
(Castro et al. 
1992)
Melted feedstock propelled as 
droplets onto a substiate 
causing rapid solidification. 
Near net shape production. 
Layered composites 
produced.
Very low porosity if 
processed in a vacuum. 
Use of correct carrier gas 
can improve toughness.
Fine grain structure detrimental 
to creep.
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2.4 Alloying of MoSi?
2.4.1 General Results of Alloying of M 0 SI2
One attiactive featine of MoSig is that it can be alloyed with a niunber of other silicides 
to improve its properties (Vasudévan and Petiovic 1992). As MoSi2 has some degree 
of metallic bonding, alloying of MoSi2 is more desirable than for many advanced 
ceramics because there is the opportunity to increase the metallic character, thus 
improving low temperatme ductility, hi ceramic materials, because these are generally 
ionically and covalently bonded, improved ductility is less likely to result.
When MoSi2 is alloyed with WSi2, which also has the Cl lb crystal struclure, a 
complete solid solution at all compositions results. Schwarz et al (1992) found that it 
was essential for chemical homogeneity to be achieved if homogeneous properties were 
required. In this case, mechanical alloying of elemental powders followed by an 
aimealing treatment was found to be sufficient. In other studies arc melting has also 
proved effective Cotton et a l, 1991). hi general, though, it was found that mixing 
commercial alloy powders of MoSi2 and WSi2 did not result in homogeneity.
When alloying with other silicides one is effectively substituting for Mo, another 
alternative alloying technique is substituting for Si. Waghmare et al (1999) performed 
a theoretical study of microalloying of MoSi2 aimed to calculate potential improvement 
in properties by substitution of Mo by V, Nb, Tc and Re, and substitution of Si by Mg, 
Al, Ge and P. hi this study, the criteria for ductility and brittleness were expressed in 
terms of surface energies, and generalised stacking fault energy smfaces. hi 
conclusion, Waglniiare et a l predicted that a quarteriiary compound in which small 
quantities of Mg or Al replaced Si and V or Nb replaced Mo would enhance the 
ductility of MoSi2 without degrading its desirable physical properties. Experimental 
work by Peralta et al (1997) and Sharif et al (2001) is in agreement with the 
predictions made by Waghmare et al.
A review of ternary phase diagram data involving MoSi2 by Boettinger et al (1992) 
provided an initial basis for alloy design. The thought being that one can assess high
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temperatme stability of artificially introduced reinforcements in a MoSiz matrix and 
properties of multi-phase alloys. Further alloying studies have been carried out by Yi et 
al. (1998) on other systems involving MoSiz generally investigating phase stability and 
structure in ternary Mo-Si-X systems, where X was Fe, Co, Ni, Cr, V, Ti, and Nb.
Effect of alloying additions and reinforcements on oxidation resistance is of 
importance. It is desired to maintain the already good oxidation resistance of MoSiz but 
eliminate the pest oxidation. Alloying of MoSiz with a third element concentr ating 
specifically on the effect to oxidation resistance, was conducted by Yanagihara et al. 
(1995) and the conclusions were:
(i) If the third element (e.g. Ta) in Mo-Si-X has a lower affinity for oxygen 
than Si, then there was no effect on the oxidation behaviour;
(ii) If the third element had a stronger affinity for oxygen than Si (e.g. Zr and Y) 
selective oxidation of these elements resulted in rapid oxidation;
(iii) There were two requirements to prevent rapid oxidation of the third element: 
the affinity of that element for oxygen must be less than that of Si and that 
the oxidation of that element forms a protective scale (i.e. Al).
2.4.2 The Mo-Si-Al System
It is pertinent to review the Mo-Si-Al ternary diagram and effects of Al alloying on 
MoSiz. The Mo-Si-Al system was first characterised by Brukl et al. (1961) resulting in 
the first ternary diagram for the system shown in figure 2.7. A few minor revisions of 
the Mo-Si-Al system have appeared over the previous few years, most recently by 
Arwanitis (2001), although the main region of interest on the phase diagram (low 
concentration of Al in MoSiz) has not been altered markedly. The addition of Al 
promotes the stability of the C40 phase over the Cl lb phase. Studies of powder 
processed MoSiz with aluminium additions have shown that the transformation finm 
the tetragonal to hexagonal phase does increase slightly the low temperatme ductility 
and other low temperature properties including fr'acture touglmess (Silva and Kaufrnan, 
1993; Fu and Seldiai', 1998; Mitra et a l, 1999; Zhang et a l, 1999 a and b). It is
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Figure 2. 7 The Mo-Al-Si ternary system at 1500°C (after Bruld et al,, 1961).
interesting to note that in these studies, the addition of Al also resulted in the in-situ 
formation of AI2O3. This was because the Al reduced any free silica, in a similar way 
to carbon additions discussed in § 2.2.1. X-ray photoelectron studies by Shaw and 
Abbaschian (1995) of MoSiz powder surfaces revealed that the surface consisted of a 
duplex oxide layer of SiOz and M0 O3. Microstructural analysis of powder processed 
MoSiz does not reveal the presence of M0 O3 but only MosSis in addition to the silica 
and MoSiz. Zhang et al. (1999a) suggested that during hot-pressing the following 
reaction occurTed:
'iMoSi2 + 2M0 O3 -> Mo^Sij +3Si02 (2.3)
thus accounting for the presence ofMogSiz in the samples. The aluminium added to the 
MoSiz powder would react with the oxidation products forming alumina and MoSiz:
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3M0 O3+6 &O2 + 14Æ 3MoSi2 + IA I 2 O2  (2.4)
Any excess aluminium would react with MoSiz to form Mo(Sii_x, AL)z and free silicon, 
which supposedly subsequently reacts with the remaining MogSig to form MoSiz (Mitra 
and Rao, 1999). The net result of the presence of alumina was an increase in high 
temperature yield str ength due to the removal of the deleterious silica and the probable 
gr ain boundary pimiing by the fine alumina particles restricting grain boundary sliding. 
A more rigorous analysis of the effect of alumina additions on MoSiz will be dealt with 
in § 2.5.4.
In a similar study of the effect of magnesium additions to MoSiz by Shan et a l (2002) 
the formation of MgO and removal of the fi ee silica and MosSia particles was reported. 
These magnesium additions resulted in an increase in the indentation fr acture touglmess 
of MoSiz fi'om 4.2 MPa rn^ '^  ^ up to 9.2 MPa for 10at% Mg. A decrease in the 
hardness was assumed to result fi'om the dissolution of Mg atoms into the MoSiz 
matrix. This improvement in the room temperatur e properties of MoSiz is encouraging, 
although the influence of Mg dissolution into MoSiz on the melting point and creep 
properties have not been investigated.
Thus far, conventional alloying of MoSiz has failed to improve its properties 
sufficiently for structural applications although progress has been made in removing 
amorphous silica and alleviating the pest phenomenon. Alloying to promote solid 
solution softening has had a moderate success in reducing the hardness of MoSiz.
2.5 Composites Approach to Improved Properties
2.5,1 Introduction
As with other brittle materials the composites approach would appear to be the most 
effective way of toughening MoSiz sufficiently for structural applications. It is 
generally accepted, although no guidelines are given, that a structural material requires 
a room temperature fi'actme touglmess in the range of 15 to 20 MPa m^ ^^  (Pope and
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Darolia, 1996). Reinforcements for brittle matrix composites may be ductile (e.g. 
metal) or brittle (e.g. ceramic materials) and be of many forms, e.g. fibres, whiskers, 
platelets or spherical particles. The magnitude of toughening increment is related to the 
reinforcement morphology in the order given above, i.e. fibres have the greatest effect 
and spheres the least.
2.5.2 Review of Molybdenum Disilicide Matrix Composite Systems
Several reviews of the development of MoSiz composites have been published over the 
past few years, detailing any significant developments. The first was in 1992 by 
Vasudévan and Petrovic when interest in MoSiz development was at its highest. This 
all-encompassing review highlighted the history and development of MoSiz, a large 
portion of the data presented was obtained by NASA m their search for high 
temperature str uctural materials. The review by Jeng and Lavernia in 1994 was the first 
paper to relate processing to variability in MoSiz composites. Interest in MoSiz waned 
slightly as it was realised that significant research was required before it would reach 
sufficient strength and touglmess for commercial application, although sufficient 
interest in intermetallic matrix composites still exists for further reviews (Ward-Close 
et a l 1996) and updates (Petrovic and Vasudévan 1999).
Table 2.4 summarises the reported properties of several key MoSiz matrix composite 
systems. This table also includes the processing methods used as this can have a 
significant effect on the properties. Work on continuous fibre reinforced MoSiz matrix 
composites foimd significant improvements in fiacture touglmess with Nb and Ta 
fibres, although high temperatme properties were adversely affected by selective 
oxidation of the fibres (Maloney and Hecht, 1992). With ceramic fibres, the main 
problem was matrix cracldng due to thermal expansion coefficient mismatch, which 
completely fiactured the matrix. Saphikon™ (alumina) fibres, with a coefficient of 
thermal expansion closer to that of MoSiz than other ceramics, could be used to produce 
a crack fiee composite, although fracture touglmess was not significantly improved. 
Fracture of these Saphikon™-MoSiz composites indicated no fibre pull-out but the 
fibres fi-actm-ed in the plane of the crack. Preliminary examinations presmned that there 
must be good bonding between alumina and MoSiz preventing fibre pull-out. Another
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problem with continuous fibre reinforced composites is their anisotropy imless this is 
desired. Thus, touglmess will be significantly higher in one plane but not others.
Table 2.4 Overview o:f MoSiz composite systems.
Composite
System
Processing
Route
Strength
(MPa)
Hardness
(VHN)
Toughness 
(MPa m^^ )
Notes + Ref
MoSiz Hot Press 
(HP)
-250 8-10 GPa 2.5-3 Gao and Petrovic 
(1985)
20vol%Nb + 
MoSiz
HIP 1200- 
1400 °C, 207 
MPa
450 at 
1100°C
5.7 Unstable at 
elevated temp. 
Snryanarayanan et 
al. (1994)
20vol%Ta + 
MoSiz
Plasma spray 850 9.9 Anisotropy in 
fracture touglmess 
due to splat 
boundaries.
Castro et al. 
(1992)
2wt%C + MoSiz HP, 1830 °C, 
air
12.74 GPa 5.5 (800 °C)
11.5
(1400 °C)
C reduces SiOz, 
forming SiC 
Maloy et al. 
(1991)
25vol% AlzOa 
platelets + 
MoSiz
HP, 1650 °C, 
40 MPa, 1 hr, 
Ar
400 5.5 Costil etal. (1997)
30vol% PSZ + 
MoSiz
HP 1700 °C, 
30 MPa
8.49 GPa 6.56 Formation of a 
glassy phase 
adversely affects 
mech prop. 
Petrovic and 
Homrell (1990)
20vol%SiC + 
MoSiz
HIP 1200- 
1400 °C, 207 
MPa
295 at 
1100 °C
2 Relative density > 
95%, dispropor- 
tiorrate increase in 
touglmess
20vol%SiC + 
MoSiz
RHP from 
Mo, Si and 
SiC powder 
1500 °C
240 11.5 GPa 4.6 Mitra etal. (1997)
50vol%Si3N4 + 
MoSiz
HP + HIP 16.2 GPa 4.9 Hebsur (1999)
30vol%
SiC(j)/MoSiz"
Si3N4fo')
HP + HIP 900 35 6 plies SCS-6 
fibres. Hebsur 
(1999)
Some effort has also been placed in short-fibre composite processing (Alman et a l, 
1992; Alman et a l, 1995). Teclmiques have been employed to introduce fibre 
aligimient such as tape casting and powder injection moulding as primary processing 
routes. Although in early stages of development, some reasonable success has been 
achieved in toughening and processing. Aligned Nb-fibres showed the greatest 
increase in fi-acture touglmess, followed by random short fibres, then particulate Nb
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giving the least improvement. Tests showed that Nb pai'ticulate reinforcement was 
detrimental to the creep properties when compared to monolithic MoSiz. At these 
temperatures the Nb was reacting with the MoSiz. It was believed that creep behaviour 
of Nb fibre reinforcement would similarly be poor and the use of banier coatings, such 
as YzOs, to inhibit interdiffusion between MoSiz and Nb may not improve creep 
resistance.
It is deal* that metallic reinforcements, even refiactoiy metals, are not likely to improve 
the liigh temperature properties of molybdenum disilicide. A significant increase in 
creep rate and the possibilities of reaction with MoSiz in oxidising enviromnents will 
limit their use. The alternative to metal reinforcement is ceramic reinforcement. The 
advanced ceramics generally offer moderate room temperature fi*actm*e touglmess and 
good high temperature strength and creep resistance. The addition of a second brittle 
phase to an already brittle matiix can bring about modest improvements in room 
temperature fracture toughness tlnough crack - particle interactions, whilst 
simultaneously improving high temperatme properties.
Early research on ceramic reinforced MoSiz concentrated on other silicon based 
materials, essentially silicon carbide (SiC) and silicon nitiide (SisN4), where chemical 
compatibility should not be an issue. Both silicon carbide and silicon nitride form a 
protective silica scale as does MoSiz so oxidation resistance should not be affected. 
Significant improvements in mechanical properties have been made in an hybrid 
composite consisting of SiC fibres in a pai'ticulate SisN4 reinforced MoSiz matrix, 
where fi'actm*e touglmess values of 35 MPa ni^ ^^  have been reported, although the 
composites were liighly anisotropic (Hebsur, 1999).
Suzuki et a l (1995) and Suzuki et al (1998) studied the effect of adding ZrOz, SczOs 
and YzOs on the microstmcture and mechanical properties of MoSiz. These phases 
were added to fomi double oxides rather than as direct reinforcements. These 
compounds were meant to react with the free silica in the powders to create complex 
and stable refractory double oxides, i.e., ZrSi0 4 , SczSizO?, SczSiOs, YzSizO? and 
YzSiOg. These studies found that the silica was converted to these ci*ystalline silicates 
and the mechanical properties at both low and high temperatures were improved. For 
example the room temperature fracture touglmess of MoSiz was improved from
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approximately 2.2 MPa m to 2.9 MPa m  ^ for small additions of SczOs and the 
flexure strength improved to 1100 MPa from 650 MPa.
From the literatuie available, it is still clear that there are two key issues for further 
development of MoSiz. Low temperatme ffactme toughness still needs to be improved 
by both composite and alloying approaches, hidustiial applications generally require 
fiacture touglmess values of 10 MPa while aerospace applications require 15-20 
MPa or higher (Pope and Dai'olia, 1996). The second issue is to continue 
development of applications for high temperatme structural silicides. These 
applications will be related to the high temperature mechanical properties in 
combination with other silicide properties such as electrical conductivity and coiTosion 
resistance.
2.5.3 The MoSiz-AlzOa System
A brittle reinforcement requires several properties for it to be of use in improving the 
properties of a material in composite forai. The choice of a ceramic reinforcement 
should encomage grain boundaiy piiming at elevated temperature, thus improving creep 
and high temperatme strength. The effect on low temperature fracture toughness will 
not be as pronounced as ductile reinforcement but generally, if the reinforcement 
particle size is larger than the matiix grain size, then the fiacture characteristics can be 
altered, moderately increasing fractme touglmess. The reinforcement needs to be 
chemically compatible with the matrix.
Alumina is a candidate material for reinforcement of MoSiz. Meschter (1991) reported 
that alumina reinforcement added to MoSiz should not degrade its oxidation resistance 
up to 1200°C and Yang and Jeng (1991) reported that alumina is chemically and 
physically compatible with MoSiz. Table 2.5 compares various physical properties of 
MoSiz and alumina. Critically, the coefficients of thermal expansion of ahmiina and 
molybdenum disilicide are closely matched compaied to other potential reinforcement 
phases, as illustrated by figure 2.8. This suggests that theiinal shock should not be an 
issue. Addition of alumina to MoSiz would reduce the density. Many properties, 
including density and elastic modulus, can be estimated using a mle of mixtures.
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Table 2.5 Comparison of key properties between MoSiz anc AlzOa
Property MoSiz AI2O3
Theoretical Density (g/cm^) 6.24 3.96
Hardness (VHN) 800-1200 1800
Elastic Modulus (GPa) 380-400 320-380
Coef. Of thermal expansion, 0°-900°C (xloV°C) 8.1 8.0
Electrical resistivity at 20°C (Hem) 30x10'^ 1 0 '^
Thermal conductivity (cal/sec cm °C) at 20°C
at 700 °C
0.15
0.08
0.08
0.02
A  recent study of oxidation of various Mo-Si-X systems by Bmidschuh et a l (1998) 
suggested that alumina could be used with MoSiz at elevated temperatures although 
adhesion may restrict its use. Oxidation studies of MoSiz-AI2O3 by Meschter, (1991) 
and Mo(Al,Si)z by Yanagihara et al (1995) suggest that alumina can inhibit pest 
oxidation and fonns a stable aluminosilicate protective layer. The difference in 
coefficient of theiinal expansion between matrix and reinforcement needs to be closely 
matched to minimise residual stresses and cracldng in the consolidated material.
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Figure 2. 8 Plot of coefficients of thermal expansion (CTE) comparing MoSiz 
with candidate reinforcement materials. The close match of CTE between 
MoSiz and AlzOg is advantageous (after Vasudévan and Petrovic, 1992).
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Newman et a l (1999) added small amomits of alumina (0.05 and 0.5 wt%) to MoSiz in 
an attempt to modify tlie surface chemistiy of silica on the powder siuface. They found 
that alumina minimised gi'ain growth and lowered the variability of the indentation 
fracture touglmess.
Maloney and Hecht (1992) reported that Saphikon™ fibre reinforced MoSiz was not 
significantly tougher than monolithic MoSiz. This was attributed to stiong bonding 
between the matiix and fibre. Fractogiaphy showed no indication of fibre-matiix 
debonding, only that fracture occuiTed right tlrrough the matrix and fibres as shown in 
figure 2.9 (a). Yang and Jeng (1991) also studied alumina fibre reinforced MoSiz and 
found that the interfacial shear strength of this composite is stronger than the hactiue 
strength of the matiix. These two studies both reported that the fibre siuTace was rough 
and had potentially been attacked by the matiix, although chemical analysis using an 
SEM revealed no apparent interfacial phase.
A study by Alman et a l (1992) on aligned short-fibre MoSiz matrix composites 
produced by powder injection moulding and plasma spraying suggested that short 
ahmiina fibres might improve the fractiue touglmess of MoSiz. This suggestion was 
made based on observations of Rockwell hardness tests, but no fracture toughness tests 
were carried out.
hi situ formed ahmiina reinforced MoSiz has been studied by several groups, including 
Zhang et a l (1999 a and b) and Silva and Kaufrnan (1993). The primary reason for 
adding aluminium was to form Mo(Si,Al)z through powder route processing, which is 
more energy efficient than melt processing. It was thought that within this Mo(Si,Al)z 
phase, the substitution of Al for Si should inipait more metallic character to the 
bonding, thus increasing the ductility. The secondaiy reason for the aluminium 
additions was that it would reduce silica to foiin ahmiina. Zhang et a l reported and 
increase in toughness from 2.0 MPa m^ ^^  for monolithic MoSiz to 2.8 MPa ni^ ^^  with the 
addition of 5 wt% Al and an increase in sti'ength from 200 MPa to 350 MPa with the 
addition of 10 wt% Al.
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MoSiz reinforced with alumina platelets, of approximate thickness 2  to 5 pm and 
diameter 10-15 pm, have also been investigated by Costil et al (1997), consolidated by 
hot-pressing, and Tuffé & Wilkinson (1995), formed by tape casting to align the 
platelets, hi the hot pressing study, reinforcement effectively improved the fracture 
touglmess from 3.5 MPa ni^ ^^  to around 6.5 MPa ni^ ^^  for 60% alumina additions, 
although details of the fracture toughness test were vague. Creep resistance at 1350 °C 
was improved but the difference in creep resistance at 1600 °C was insignificant. The 
tape cast sandwich composite study observed that grain bridging, crack branching and 
platelet pullout entranced the touglmess of the material.
The results reported by Zhang et a l (1999b) on crack behaviom* in the in situ formed 
alumina composites suggested that the fine aliunina particles of approximately 2  pm 
diameter did not significantly change the crack propagation direction, as illustiated by 
figure 2.9 (b).
Conversely, Tuffé & Wilkinson (1995) reported crack deflection around the interface 
between the platelets and matrix, pictmed in figure 2.9 (c). Considering these two 
micrographs and the way in which the composites were processed it is possible to 
hypothesise that the in situ formed alumina, due to the natme in which it was 
introduced and its finer size, is strongly bonded to the MoSiz matrix. As a result, a 
large toughening influence is not achieved. It has been suggested that these fine 
alumina particles are not fully crystalline but predominantly amoiphous, thus these 
particles are likely to be more brittle and less likely to cause crack deflection, hi 
addition, their fine size in a mati*ix with a larger grain size of around 5 pm, will not 
have a great influence on toughening. This microstructure is more like a 
nanocomposite, where the reinforcement is primarily added to pin giain boundaries in
an attempt to improve creep resistance. For the platelet reinforced composite the 
platelets are laiger than the matiix grain size and acicular thus are more likely to 
contribute to toughening. These paiticles are added, not in situ formed, so the 
bonding between matrix and particle is likely to be not as stiong.
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Figure 2. 9 (a) fracture of Saphikon™ fibres in MoSiz matrix (after Maloney et al, 1992); (b) 
alumina particles not affecting fracture path (after Zhang et al, 1999) (c) crack deflection around 
an alumina particle (after Tuffé and Wilkinson, 1995)
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Chalaaborty et al. (2 0 0 0 ) examined the effect of using 25 vol% MoSiz as reinforcement 
for alumina. Microstructural obsei*vations reported a clean interface between MoSiz 
and alumina. Flexiue strength was improved from 275 MPa to 360 MPa and was 
attributed to matrix grain refinement and efficient load transfer from the matrix to the 
reinforcement particles. Fracture touglmess, measured using the single edge notched 
beam teclmique, exhibited an increase from 3.6 to 4.2 MPa m^ ^^ . Toughening was 
attiibuted to crack deflection and bridging phenomena. Faluenholtz et al. (2002) 
produced an 18 vol% MoSiz-AlzOg composite by reactive hot pressing of molybdenum, 
aluminium and mullite powders. Elastic modulus was measured at 382 GPa, whilst 
strength and fiacture toughness were measmed at 467 MPa and 3.7 MPa m^ ^^  
respectively. It was observed that the MoSiz inclusions did not alter the crack path and 
no crack deflection was noted. The differences in strength and fracture touglmess 
between these two studies are likely to result from the different processing methods. 
Reaction hot pressing is more likely to fonn strong interfaces between phases and the 
likelihood of large pores fr om which failure may initiate is gi eater.
These few articles on MoSiz-AlzOs have not reported the formation of ahmiinosilicate 
phases within the samples, hi fact, only limited microstructural characterisation has 
been earned out. The authors have reported mechanical properties but considering the 
data presented there is ofren little infoiination on the tests used. Mechanical properties 
are often method dependent. In many cases inappropriate sample or test specifications 
have been used considering that at room temperature MoSiz based materials are brittle. 
As such, it is important to select tests that account for this such as those used in 
evaluating ceramic materials, hi many cases it is not clear whether the tensile faces of 
bend test samples were polished or that the edges were chamfered. Edge chamfering 
and surface finish aie important to ensiue that failure does not occur from edge effects 
or surface damage but from internal sites.
The reported microstructural characterisation has essentially been limited to 
microscopy for this system. Only the in situ fonned studies give any details of 
chemical analyses being earned out. For these the aluminimn is added so that it reacts 
with the silica to form alumina. As such, there is unlikely to be any aluminosilicate 
phases within the microstmcture.
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2.5.4 Toughening Mechanisms
The fracture touglmess of brittle materials for stmctural applications is one of their 
most cmcial mechanical properties, hi sh'uctinal ceramics research, improving fracture 
touglmess and reliability has been, and still is, of major interest. With the increased 
interest in intemietallic materials for stmctural applications, many of which exhibit 
room temperatme mechanical properties similar to those of the structural ceramics, low 
fracture toughness is again an issue. Fortunately due to the large amount of research 
already earned out on ceramic materials over the last 25 yeai's or so, toughening 
mechanisms are now well imderstood.
The high melting temperatures of intemietallics are hi a similar regime to those of the 
stmctural ceramics, for example MoSiz and alumina both have melting temperatures 
around 2030°C, mean that the processing methods of these two classes of materials aie 
generally the same - powder processing is the most widely used consolidation method. 
For brittle materials surface flaws and volume flaws associated with processhig are the 
most dangerous flaws. One approach to increasing the stiength and reliability of these 
brittle materials is to decrease the characteristic flaw size and to naiTow the flaw size 
distribution, hi structural ceramics this was achieved largely tlnough improved 
processing. For most brittle materials, an empirical approach of measuring sti'ength and 
reliability is by using Weibull statistics, details of this statistical method can be found in 
many books and publications. A second approach to improving touglmess and 
reliability is tlnough microstiuctural toughening which emphasises flaw tolerance. 
Many ceramics are flaw-tolerant due to the fact that their resistance to crack growth 
increases as a flaw propagates, this phenomenon is termed R-curve behaviour. Since 
small flaws can gi'ow to a limiting size before catastiophic faihue, the initial flaw size 
distribution is less important. However, if the microstructure necessai*y to produce a 
higher fracture touglmess requires larger flaws then this increase in fracture touglmess 
comes at the expense of strength.
The evolution of high touglmess ceramics has been reviewed by Evans (1990), which 
includes the histoi-y and development of linear elastic fracture mechanics from the
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Griffith criterion to modem imderstanding and measurement of fiacture touglmess as a 
material parameter. Evans also outlines the processes that have been attributed to 
microstmctural toughening, of which in a molybdeniun disilicide-ahmiina composite 
the likeliest toughening mechanisms will be:
(i) Crack deflection: Tilt and twist out of crack plane aroimd grains and second phase 
additions.
(ii) Crack bowing: Bowing in crack plane between second phase crack piiming points.
(iii) Crack branching: Crack may subdivide into two, or more, roughly paiallel cracks, 
(v) Crack tip shielding by crack bridging: frictional and ligamentaiy grain bridges;
Crack deflection, illustrated in figme 2.10 (a) occurs when there are local areas in a 
ceramic material that have a lower resistance to crack propagation than that for 
transgranulai* fractme in the plane of the crack. This may be along a boimdaiy 
between two matrix grains or aroimd a second phase paiticle in the matiix. The angle 
of twist and/or tilt out of plane increases the energy required for fracture to continue 
and the new smface aiea created is gieater, leading to more energy requirements. 
Faber and Evans (1983) worked on modelling and experimental confirmation of their 
models for crack deflection, finding good correlation between the two for different 
materials with different morphologies.
Figure 2.10 (b) illustrates the effect of crack pinning by second phase particles. A 
crack front passing thiough a material is pimied at homogeneities. On piiming, the 
crack front bows out foiining a new fractme smface and increasing the crack front 
length. This increase depends on the particle spacing. The resultant stress necessaiy to 
propagate the bowed segment of the crack front is greater than that needed to extend the 
initial unbowed crack.
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Primary crack tDirection of Propagation
Figure 2.10 Schematic illustrations of two frontal zone toughening mechanisms: 
(a) Toughening by crack (i) tilt and (ii) twist between particles (after Faber and 
Evans, 1983); (b) Crack bowing between pinning particles creating extra crack 
surface area.
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Crack bridging by a grain in the wake of a crack has been observed by Swanson et al. 
(1987) to contribute to toughening. This can occur in monolithic materials, particularly 
in those with large and anisotropic grains. Figure 2.8 illustrates this process in a coarse 
grained alumina. In those grains that remain interlocked after a crack has passed, 
frictional forces increase the energy required for a crack to propagate. This can also 
occur around second phase reinforcements and the larger the reinforcement size, the 
greater the probable increase in fracture toughness that will be observed.
Figure 2.11 Toughening by crack bridging a grain in alumina (after 
Swanson et a/., 1983)
Microcracking is most commonly observed around zirconia particles that have 
transformed inducing cracking about them. This can also occur in two-phase 
composites because of thermal stresses induced during processing. In the MoSiz- 
alumina system, microcracking is considered unlikely because of the closely matched 
coefficients of thermal expansion.
37
Chapter 2: Literature Review
This section has briefly reviewed the toughening mechanisms observed in brittle matrix 
materials and outlined those that are most likely in the system to be studied.
2.6 Phase Equilibria and Properties of Mullite
2.6.1 Introduction
Silica is an inlierent constituent of powder processed MoSii. The formation of mullite 
in oxidation studies of Mo(Sii-x, Ah) has been reported by Stergiou et a l (1997) and 
Yaiiagihara et a l (1995). The system of interest in this study concerns the addition of 
alumina to MoSi2. The inlierent silica content is likely to dissolve the added alumina 
potentially forming mullite. Should the coiTect concentration of almnina be added to 
the MoSi2 powder blend such that all the hee silica is consumed in fomiing crystalline 
mullite, then it is likely that the low temperatme fi*acture toughness and the high 
temperatme strength can be improved. It is important that the chemistry of mullite be 
miderstood such that the advantages may be applied for the improvement of MoSi2. 
This section intends to poitiay the important aspects of mullite chemistiy and 
properties, covering formation kinetics of pure mullite firam crystalline alpha-alumina 
and amorphous silica -  those constituents of the MoSii -  alumina powder blends to be 
studied in this thesis.
2.6.2 Phase Equilibria of Mullite
Mullite, nominally 3Al2 0 3 *2 Si0 2  is the only stable ciystalline compound at 
atmospheric pressure in the Si0 2 —AI2O3 binary system other than the two parent 
phases, as shown in the binaiy phase diagiam in figiue 2.12. Several variations on the 
alumina-silica phase diagiam exists and can be generally categorised into two forms; 
Those where mullite melts incongruently, and those that show mullite melting 
congruently. This is essentially defined by the position of the a-alumina liquidus. The 
natiu'e of the stai ting materials and experimental procedures used tend to detemiine the 
position of the a-alumina liquidus. Starting materials range from ciystalline a-alumina
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and amorphous or crystalline silica to aluminosilicate powders created tlii'ough Sol-Gel 
processing. These variations in the equilibrium and metastable phase diagiams have 
been critically reviewed by Sclmeider et a l (eds.) (1994).
Davis and Pask (1972) studied the role of diffusion on the reaction of alumina with 
silica and noted changes to the Si0 2 -Al203  phase diagiam. Mullite was found to 
nucleate readily at fused silica -  sapphire interfaces. Mullite growth was controlled by 
cooperative difhision of complex Al-oxygen and Si-oxygen species whose size and 
structure depended on temperature and alumina concentration. The wide ranges of the 
diffusivity data were attributed to the variation in complexity of the diffusing species 
and the changing glass stmcture.
For the puipose of tliis study the phase diagram of Aksay and Pask (1975), figure 2.12, 
was deemed the most suitable diagiam for the conditions to be observed within the 
MoSi2—AI2O3 system. Their study involved heat-treating of sapphire -  fused silica or 
sapphire -  aluminosilicate glass diffusion couples over a variety of temperatmes, times 
and cooling rates. These starting materials correspond closely to the likely starting 
phases in this study for mullite formation.
Of late, the interest in mullite as a high temperature stmctiue material has been on the 
increase. Mullite has promising theiino-mechanical properties like a low theimal 
expansion, low theiinal conductivity, excellent creep resistance and good chemical and 
oxidation resistance. Glass-free, pine mullite has been reported to retain its room 
temperature strength up to 1500°C. These properties will potentially improve the high 
temperature properties of MoSi2, whilst not degrading the room-temperature properties.
Most recent studies have concentrated on novel processing techniques from various 
starting materials with the main advantages over conventional powder processing are 
that the densification temperature has been reduced and it is possible to produce high 
purity materials. These teclmiques have been reviewed by Okada et a l (1991). There 
are only a few detailed studies on mullite formation fr om diphasic powders in which a- 
aluniina is the source. Sacks et a l (1991) and Sacks et a l (1997) studied the 
densification and transfomiation behavioiu* during heat treatment of submicrometer
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composite particles that consisted of a-alumina cores of mean diameter 180 nm with 
amorphous silica coatings. The chemical composition of these diphasic powders could 
be adjusted by changing the thickness of the silica coating.
Wt % AlgOg
10 20 30 40 50 60
O  1800
9 - 1 6 0 0
1 0 0
Silica
+
Mullite (ss)
SiOg 10
Liquid
Mullite (ss)
Mullite (ss) 
+
Liquid
1587*C
30 40 50 60
Mole % AlgOg
80 90 AI2O3
Figure 2.12 The SiOz-AbOa binary phase diagram, where mullite is the only 
stable phase, (after Aksay and Pask, 1975).
Powder compacts were viscously sintered to near full density around 1300°C and 
subsequently converted to mullite by annealing at temperatures from 1400°C upwards. 
They reported an incubation period prior to mullitization. Rapid mullite growth 
occurred in the first stage instance followed by a second stage of slow mullite growth. 
The evidence suggested that the dissolution of alumina in the silaceous phase controlled 
the first stage of mullite formation. The second stage was highly dependent upon the 
composition; the mullite reaction was completed at a much lower temperature where 
the samples were either alumina- or silica-rich in comparison to samples of a near 
stoichiometric composition. This was attributed to the much shorter diffusion distances 
that were affective in both the non-stoichiometric samples.
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Sarulian et a l (1996) have studied the role played by the nature of the silica in the 
mullitization process. Samples were prepaied using mixtures of amorphous silica or 
ciystalline silica (cristobalite) and a-alumina. The alumina was a submicrometer 
powder wliilst the amoiphous silica was milled to give a particle size in the region of 2 - 
3 pm and the cristobalite powder had a size range of 1 to 10 pm. After cold uniaxial 
pressing, samples were pressureless sintered at temperatmes between 1100 and 1700°C. 
Similarly to the observations of Sacks et a l (1991), early densification resulted from 
the softening of the amorphous silica and particle reaiTangement. At higher 
temperatures the viscosity of the silica is reduced and Al^  ^ ions diffuse further within 
the silica particles until the composition was that of stoichiometric mullite but 
crystallisation did not occur. It was observed that above 1450°C the silica particles 
transfomied to ciystalline cristobalite and above 1500°C mullite formation occuiTed by 
the reaction of the cristobalite with the alumina. The high rate of mullitization was 
attributed to the short diffusion distances because of the viscous flow assisted sintering, 
hi this study, a ring of mullite crystals grew ar ound the silica particles and this acted as 
a baiTier for diffusing species, reducing the rate of mullite formation. Upon heating 
above 1650°C it was obseiwed that the cristobalite melted and this contributed to an 
increase in the mullite formation rate.
For the samples consisting of cristobalite - a-alumina couples early particle 
rearrangement was assisted by the formation of a transient liquid phase, attributed to 
alkali and iron impurities. Above 1300°C this liquid phase disappeared and frirther 
densification was by solid-state sintering. A much slower mullitization rate was 
obseiwed attributed to the large diffusion distances from the bulk of particles to the 
neck regions. Mullite nucleated and grew at the neck regions between the cristobalite 
and alumina particles. This led to a microstructine consisting of cristobalite particles 
sinrounded by a mullite ring. This mullite ring acted as a diffusion barrier stopping any 
further mullitization.
Kleebe et a l (2001) studied two model systems consisting of monosized amorphous 
SiOz particles (500 inn) coupled with fine (300 inn) or coarse (2 pm) a-alumina 
particles. For both systems, early densification occurs via transient viscous flow, as
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previously reported by Sacks et al (1991), when the silica softens. The ciystallisation 
of the amorphous silica to cristobalite preceded mullitization, for both cases. In the fine 
alumina system, rapid dissolution of the alumina in the silica was followed by quick 
homogeneous nucléation and growth of mullite. Once extended mullite regions had 
formed further growth of mullite proceeded via interdiffusion of alumina and silica. In 
the coai’se gmined system, dissolution of tlie alumina is less favoured because of the 
larger particle size and thus the reduced sinface curvature. The evolulution of 
cristobalite occuned at a lower temperature, promoting the fomiation of an Al-rich 
glassy phase at the alumina particle interfaces. Heterogeneous nucléation of mullite 
occiuTed at this boimdary, preceded by the separation of the glass phase into Si-rich and 
Al-rich glasses, hi conclusion, the fine grain system followed the stable phase diagiam 
of Aksay and Pask (1975) and the coarse grain system, the metastable phase diagram.
2.6.3 Mechanical Properties of Mullite
The use of mullite as the main constituent of porcelains and refiactories is well laiown. 
Difficulties in densification, however, led to processing to be via liquid phase sintering 
due to additives or impurities resulting in poor mechanical properties. By preparing 
mullite ceramics from high purity powders, Kanzaki et al (1985) reported bend 
strengths of 360 MPa and fractuie touglniess of 2.8 MPa m^ ^^ . Ismail et a l (1987) 
reported similar data for mullite prepared by a sol-gel process and that the high 
temperature strength decreased only slightly compared to that at room temperature. 
This included a Young’s modulus of 246 GPa and Vickers hardness of 1196 VHN. 
These properties are still low compared with other stractural ceramics, as illustrated by 
figure 2.13, but these values are higher than amorphous silica.
Early work by Dokko et a l (1977) on the creep of single crystal mullite showed that for 
temperatures up to 1500®C and stress levels of 900 MPa no plastic deformation was 
observed. Creep of polycrystalline ceramics depends on tlie microstructure and 
chemical composition. Mullite ceramics with less than 60 mol% AI2O3 tended to have 
amoiphous silica present at the grain boundaries, leading to creep by grain bomidaiy 
sliding. With a composition of more than 62 mol% AI2O3, fine alumina particles aie 
present. Alumina generally has a higher creep rate than mullite, thus affecting the
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overall creep rate of the ceramic. Stoichiometric polycrystalline mullite gave the 
slowest strain rate.
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Figure 2.13 Comparison of mullite bend strength and fracture toughness relative 
to other technical ceramics (after Schneider et al (eds.), 1994).
The high temperature stability of both mullite and alumina should improve the high 
temperature bend strength and creep resistance of molybdenum disilicide by removing 
the deleterious silica. The low temperature properties of mullite can potentially offer a 
moderate increase in the room temperature properties of molybdenum disilicide.
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2.7 Concluding Remarks
This chapter has outlined the development of molybdenum disilicide based materials 
for high temperature stmctural applications. The brittle nature of molybdenum 
disilicide at low temperatme has been the primary concern, with improvements made 
by alloying and composites approaches. At the same time high temperatme properties 
also needed to be improved slightly. By reinforcing molybdenum disilicide with 
structural ceramics, the best compromise in property improvement may be reached. 
Using alumina as a reinforcement should result in a modest improvement in the low 
temperatme properties. The potential for alumina to react with amoiphous silica 
present in powder processed molybdenimi disilicide, fonning mullite should result in 
improved creep and high temperature strength. From reviewing the literature it is clear 
that mullite formation in molybdenum disilicide-aliunina systems has not been 
reported, although chemical and microstructural analysis of this system has been 
limited, but oxidation studies of Mo(Si,Al)2 have reported the fomiation of mullite in 
the oxide scale.
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Materials and Experimental Procedures
3.1 Introduction
This chapter outlines the processing methodology involved in making MoSia and 
MoSia-AlaOs composite alloys. Also covered are the experimental teclmiques used to 
chemically and microstmcturally characterise these alloys. Chemical and 
microstructural characterisation included powder size analysis, x-ray photoelectron 
spectroscopy, x-ray diffraction, reflected light microscopy, scaiming electron 
microscopy and transmission electron microscopy.
3.2 Starting Powders and Powder Characterisation
3.2.1 Starting Powders
MoSia powder was pinchased from Aldrich Chemical Company with a stated pinity 
of 99+ at% and with a stated average particle size in the region of 1.2 to 2  pm. An 
impiuity level of 1 0 ,0 0 0  ppm maximum of total metallic impurities is stated on the 
Aldrich Certificate of Analysis. Levels of the metallic impurities fr om this certificate 
are given in table 3.1.
Table 3.1 Reproduced fiom manufacturer’s 
data for MoSia powder (Aldrich, 1999).
Impurity Element Concentration (ppm)
Fe 1 0 0 0
A1 300
Ti 2 0 0
Cr, Cu, V 100
Ni 50
B 30
Mg 2 0
Mn 10
Ag <1
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A-42-3 alumina powder from Showa Denlco K.K. with a stated pmity of 99.7 wt% 
and average paiticle size of 5 pm was used for the second phase reinforcement.
3.2.2 Powder Characterisation
Powder characterisation was achieved by powder size analysis and scaiming electron 
microscopy to examine size and morphology of both materials. The use of a scaiming 
electron microscope (SEM), an Hitachi S-3200N enviromnental SEM, proved usefril 
because of the inlierent depth of field of SEMs meaning that the powder particles 
were in focus over a large height. Powder samples were placed on to a carbon pad 
and carbon coated to ensuie conductivity and prevent charging within the microscope. 
A detailed chemical analysis of the powders, specifically the powder surface, is not 
possible in the SEM as the interaction voliune of the electron beam witli the sample 
being so large that SEM based chemical analysis techniques can be considered as bulk 
analysis teclmiques.
X-ray photoelectron spectroscopy (XPS) was used to characterise the surface 
chemistiy of the MoSi] powder, as this is a suiface specific teclmique with an 
interaction depth in the order of nanometres rather than micrometres associated with 
the SEM analysis.
An x-ray photoelectron spectrometer consists of an x-ray source, an electron energy 
analyser and an electron detection system. These components aie all contained within 
a vacuiun chamber and controlled by a dedicated computer for data acquisition and 
processing. The vacuum system operates in the ultra high vacuum range of 10'  ^ to 
10'  ^Pa (Watts, 1990) to avoid electron scattering due to residual gas molecules and 
oxidation or gas adsorption on to the sample surface. The principles of XPS are that a 
beam of x-rays with a loiown energy (usually A1 ka, hv = 1486.7 eV) is directed at 
the sample surface. This beam excites an inner electron from the atoms of the sample, 
which is subsequently ejected and laiown as a photoelectron with a kinetic energy Ek, 
illustrated in figine 3.1. The kinetic energy of the photoelectron is related to the 
electron binding energy, E b, by the following equation;
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Eg — 111) ~ E — (|) — ÔE 3.1
where ^ is the specti*ometer work flinction. ôE reflects the electrostatic charging of 
the specimen that occui's unifonnly across the energy scale when a material has 
insulating properties, e.g. an oxide. This charging reduces the kinetic energy of the 
photoelectrons and is seen as a slight increase in peak positions, typically 0 to 5 eV, 
on the binding energy scale. Conecting for this charging is easily accomplished by 
checking the position of a known peak. The Cls peak at 285.0 eV is most widely 
used for this piupose, since it is nearly always present from atmospheric molecules 
that have adsorbed on the sample. The binding energy is characteristic to each 
element and the atomic level from which the electron originated. Small variations in 
this energy can be used to determine the chemical state of the elements in question. 
Position resolution is poor because the x-ray beam camiot be focussed to a specific 
point, so areas are analysed, typically 10 nim^. Thus XPS is relevant when no 
variation in surface chemistry over a distance is expected.
x-ray energy, hv KE = hv - BE
2 p, 2 s
Figure 3. 1 Schematic illustration of x-ray interaction with an atom resulting in an expelled 
photoelectron.
SruTace analysis of the MoSia powder was performed on a VG SigmaProbe X-ray 
photoelectron spectrometer. Mo3d, Si2 p 01s and Cls photoelectron lines were
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recorded. The shift of binding energy caused by the charging effect was corrected by 
using the shift of the carbon peak.
Powder size analysis was carried out using a Malvern Mastersizer. This equipment 
operates by passing the powder particles in a suspension tlirough a monoclnomatic 
laser and measuring the extent and intensity of the diffracted light. By time averaging 
the results and subsequently applying the Fraunhofer theory to the collected data gives 
a numerical output of the powder size distribution.
Sufficient powder was added to the suspension liquid, which consisted of 1 g/litre 
sodium pyrophosphate (Na2P2 0 ?) in deionised water, until the required concentration 
was achieved. The dispersant sodium pyrophosphate was used to prevent particles 
smaller than 1 pm from agglomerating dining measurement. The dilute suspension 
was mixed using a mechanical stirrer and ultrasound for one minute to ensure break 
up of agglomerates. During measurement, the ultrasoimd was turned off to prevent 
bubbles from entering the sample cell.
3.3 Materials Synthesis
3.3.1 Powder blending
A range of molybdenum disilicide -  almnina composites were investigated with 0, 5, 
10, 15 and 20 vol% almnina additions as calculated from the theoretical densities and 
assuming a fully dense product, with no mass loss and no reaction of the constituents. 
For each composition, sufficient MoSi2 and AI2O3 powder for several samples was 
placed in a polypropylene bottle along with ethanol to create a sluny. Alumina 
milling media were added to assist in the break up of agglomerates and mixing of the 
slurry. The slurry was ball milled for 3 hours. Subsequently the sluny was poured in 
to a glass dish and the ethanol evaporated off at 50°C in an oven for 18 hours. The 
resultant dried powder was crushed in a pestle and moriar and passed thr'ough a 
2 0 0  pm sieve to break up larger agglomerates.
48
Chapter 3: Materials and Experimental Procedures
3.3.2 Hot Pressing
A preliminary experiment to produce a MoSiz-A^O] composite showed that it had a 
tendency to bond with the graphite dies. This is believed to be a result of carbon 
diffusion from the dies into the composite and its subsequent reaction with free silica 
on the powder surface. Scanning electron microscopy suggested that the carbon did 
not penetrate a significant distance into the material. Subsequent hot pressing was 
carried out by lining the graphite dies with graphite foil from Alfa Aesar of thickness 
0.254 mm and purity 99.8 %. This graphite foil layer was successful in prolonging 
the life of the dies and ensuring easy sample removal.
Figure 3.2 illustrates the hot press configuration. Sufficient powder to produce discs 
of 4 or 8 mm thickness were placed in the foil lined cylindrical dies, which have an 
internal diameter of 25 mm. Initial samples for microstructural characterisation and 
preliminary mechanical testing were heated to 1550°C at a rate of 20°C per minute.
graphite 
rams
graphite 
heati ng 
element
argon in
P (35 MPa)
argon out 
►
sample
water cooled 
insulating jacket
Figure 3. 2 Schematic illustration of the hot press configuration.
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Final samples for mechanical property evaluation were hot pressed at 1680°C. Once 
the desired temperature was reached a uniaxial pressure of 35 MPa was applied and 
both pressure and temperature were held for 1 hour, before furnace cooling to room 
temperature. An argon atmosphere was used to prevent oxidation of the MoSi] and 
the graphite dies. Figure 3.3 shows the hot pressing schedule as the temperature and 
pressure plotted against time for a run of 1 hour at 1550°C and 1680°C. Once the dies 
were inserted in the hot press, a load of 20 MPa was applied to allow the dies to settle 
down against the stop such that the powder was situated in the hot zone of the press. 
Preliminary samples for microstructural analysis were pressed to a 4 mm thickness. 
After checking the microstructures for homogeneity samples for mechanical testing 
were pressed to 8 mm thickness from which three 2 mm thick slices could be cut.
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Figure 3. 3 Hot Pressing schedule. 30 MPa pressure is initially applied to settle the dies into 
position before a run starts at 0 minutes.
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After removal flom the hot press, samples were gi'oimd using SiC paper on all sides to 
remove the grapliite foil layer and any reaction layer that was not representative of the 
bullc material.
3.3.3 X-Ray Diffraction
Identification of the ciystallogi apliic phases present in the starting powder blends and 
consolidated samples was perfomied using x-ray diffraction (XRD). A Philips 
diffractometer with a computerised interface for data acquisition and processing was 
used. The x-rays were emitted fi,*om a Cu K« source of wavelength 1.540562 Â, 
which was monochromated by a Ni filter and directed at the sample. Powders were 
placed in a shallow plastic holder, whilst the bulk material was sectiorred arrd polished 
to a 10 pm finish, and inserted into the diffractometer for arralysis. General scans 
were acquired from all samples in the 2 0  range of 2 0 -1 2 0 °, with a scamiing step of 
0.1°. With reference to the JCPDS cards, peak positions were identified for the 
constituent phases.
3.4 Microstructural Characterisation
3.4.1 Density measurements
The bulk density of each specimen was measured using the Archimedes’ principle and 
compared to the theoretical density. The samples were weighed in air and in water, 
and the following equation used to calculate the density:
where ps is the specimen density, Ws is the weight of the specimen in air, pw is the 
density of water arrd AWs is the difference in weight of the specimen before and after 
its immersion in water.
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3.4.2 Sample Preparation for Light and Scanning Electron 
Microscopy
Samples were sectioned using a Stmers Accutoni-2 cut-off saw with a diamond 
impregnated cutting wheel of tliickness 750 pm. Due to the hard and brittle nature of 
the samples, they were also rotated to give a cleaner cut.
Following sectioning, the samples were mounted in bakelite and polished down to a 
0.25 pm finish using the polishing schedule given in table 3.2.
Table 3.2 Polishing schedule for MoSiz-AhOg composites
Base Z rO , MBD RBD RBD D P-Dur OP-Cliem
Size, pni 125 75, 40, 20 30 10 6,3 ,1 OP-S 0.25
L ubricant water water water water Sh'uers Blue -
Speed 300 300 300 300 150 150
Pressure 5 5 5 5 4 4
(1=30N)
Time TP 2 min 5 + 2-3 min 5 min 5min 30 sec + 10 
sec water
MBD = Metal bonded diamond pad; RBD Resin bonded diamond pad; TP = until planar; Struers Blue is an 
alcohol based lubricant. OP-S is a silica suspension with particles o f 0.25 pm in size.
3.4.3 Reflected Light Microscopy
Reflected light microscopy was used to examine homogeneity of the samples and the 
distribution of the alumina and porosity. A Zeiss Axiophot reflected light microscope 
connected to a digital camera and PC was used. Area analysis was earned out on the 
digital images using the Scion Image software* to compare with compositions 
determined fiom density measurements and chemical characterisation in the SEM.
3.4.4 Scanning Electron Microscopy
A JEOL JXA-8600 superprobe SEM which consists of a scaiming electron 
microscope with a quantitative energy dispersive X-ray analyser and a wavelength 
dispersive X-ray analyser with 4 ciystal spectrometers was used for qualitative and 
quantitative chemical analysis of the samples, as well as for microstructural
Scion Image Release Beta 3b, Scion Coiporation, 1998; http://www.scioncorp.com.
52
Chapter 3: Materials and Experimental Procedures
characterisation, hnaging modes used included secondary electron, backscattered 
electron and topogi aphical imaging. Ai*ea analysis of phases was caiiied out using the 
Oxford Ihstiaunents Autobeam softwar e to give a measurement of area percentage of 
phases. This measurement was compared to that obtained using Scion hnage on the 
same micrographs. The spectrometry teclmiques used within the SEM to chemically 
characterise the microstructures were energy dispersive x-ray analysis (EDX) and 
wavelength dispersive x-ray analysis (WDX).
A high energy electron beam can interact in many ways with a specimen, resulting in 
different signals that can be detected and analysed, as shown in figure 3.4. hr SEM 
analysis imaging is principally achieved by collecting secondary and/or backscattered 
electrons. Chemical information can be obtained by analysing emitted x-rays as
Primarv Beaml y Bi
X-ray
s /  B
Liaht
D
Transmitted Beam
Figure 3 .4  Summary of effects that can be detected when an electron beam 
hits a specimen. S= secondaty electrons; B = backscattered electrons; D = 
diffracted electrons.
shown in figiu'e 3.5. These x-rays have an energy characteristic to the particular 
orbital from which they originate. Thus, by measuring the energy of the x-ray the 
element it originated from can be identified. Also, by measur ing the nimiber of x-rays 
of each energy detected per unit time it is possible to determine the quantity of any 
particular element within the electron probe. Quantification of the EDX data was 
performed using a ZAP iterative correction and collection of a spectrum from pure 
Si0 2  standard sample, hi theory this corTection accomits for the tlnee factors that
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reduce the accuracy in the calculation of an elements concentration by compaiing the 
number of counts in the standard and the number of counts in the specimen. The 
atomic number effect (Z), absorption (A) and fluorescence (F) phenomena aie the 
result of differences in density and average atomic weight that exist between standard 
and specimen.
x-ray
Figure 3 .5  X-ray emission after an inner K electron has been removed by the 
primary beam and the vacancy filled by an L electron. Excess energy released as
The energy resolution of EDX analysis is quite poor with the resultant peaks typically 
being 100 to 200 eV wide. Measuring the wavelength of a particular x-ray can also 
be carried out with a much higher resolution, so closely spaced peaks can be resolved 
and can also be used to detect and quantify the lighter elements but because this is a 
serial analysis teclmique it is more time consmning.
Quantitative and qualitative digital EDX element mapping were also employed to 
allow distinction and identification of phases with a similar contrast.
The MoSiz matrix phase was investigated in the imcoated condition with an electron 
beam energy of 15-20 keV. At this beam energy there was sufficient chamielling 
contrast in the backscattered election imaging mode to reveal the individual giains of 
the mati'ix. Thus the mean matiix grain size D could be detemiined (fiom several 
microgiaphs) using the modified linear intercept teclmique proposed by Wurst and 
Nelson (1972) for a two phase system:
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D = 1.56-—^  3.3MN.'eff
where M is the magnification, Ceff is the effective test-line length of the primary 
(matrix) phase and is given by
C cfr=C L (l-f) 3.4
where Cl is the total length of the test line and f is the volume fi action of the second 
phase. Neff is the effective number of intercepts and is given by
where Naa is the number of intercepts with the boundaries of contiguous grains of the 
primaiy phase and Nab is the number of intercepts with the interfaces between the 
primary and the second phase. The constant of 1.56 is incoporated into the equation 
as a correction factor to account for the possibility that the line does not encounter the 
diameter of the giain. Five microgiaphs were taken for each composition 
investigated. Tlnee random lines were drawn on each micrograph fiom which the 
grain size was calculated. Care was taken not to sample the same grains more than 
once. The variation in grain size was determined by calculating the standard 
deviation of the results for all lines on each sample.
In order to examine the reinforcement phase more closely and for chemical analysis, 
samples were carbon coated and examined using a beam energy of 5-8 keV. Tliis 
lower beam energy was used to minimise the interaction voliune from which signals 
(secondaiy and backscattered elections and emitted x-rays) were detected. ' It is 
desirable to sample only the featiues visible and not the underlying stractiue. As the 
reinforcement phase is small it is feasible that signals fi'om the matrix beneath this 
phase could be detected.
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With the use of the Oxford histrumeiits Linlc Isis hardware and software combination 
it was possible to cany out both qualitative and quantitative chemical analysis using 
EDX with an accelerating voltage of 8 keV and using piue silicon as a standard. 
WDX was initially used to confirm phase identities. Quantitative EDX data was 
conipai'ed to that of the WDX data and it was decided that EDX was sufficiently 
accurate for further quantitative chemical analysis. This analysis was carried out by 
evaluation of individual points, line scans across specific regions and tlnough 
quantitative elemental mapping of areas of interest. Once the quantitative data had 
been analysed finther qualitative analysis of the methods stated above could be used 
to more quickly inteipret the microstmctures.
3.4.5 Sample Preparation for Transmission Electron Microscopy
Samples for analysis in a transmission electron microscope (TEM) are required to be 
electron transparent. Molybdenimi disilicide materials are unsuitable for 
electrochemical polishing and ion polishing is the best alternative. As ion polishing is 
a relatively slow process, mechanical pre-thinning is required. It is possible to 
mechanically thin samples to electron transparency but samples prepared this way are 
difficult to clean and can show artefacts due to mechanical damage.
Samples can be mechanically pre-thiimed in various ways. Parallel giinding produces 
large thin ai'eas but the resulting specimens are mechanically so weak that they need 
to be glued to a support ring in an attempt to avoid fi'acture during subsequent 
handling. It is feasible that such specimens may become contaminated by the support 
ring dui'ing ion polishing. Dimple grinding can avoid contamination problems in that 
a thick rim is left aroimd the outside of a specimen providing mechanical strength but 
leaves a smaller thin area in the centre of the sample.
First attempts to produce a TEM specimen involved cutting a thin slice and thimiing 
until fragments remained. These were mounted on to copper support rings. 
Subsequent parallel grinding of these samples to sub 100 pm for use in the ion beam 
polishing system were perfoimed. These samples proved too thick for ion-beam 
polishing to be feasible and further parallel grinding generally resulted in destmction
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of the samples. The second attempt involved using an ultiasonic cutter to produce 
3 nun discs followed by thimiing to approximately 125 pm and dmipling the samples 
prior to ion polishing. This method met with reasonable success, mifortunately the 
ultrasonic cutter was not reliable enough to produce the required discs. Successful 
TEM sample manufactme occurred by a combination of these two approaches as 
outlined below.
Sample preparation for transmission electron microscopy involved cutting of a thin 
section of approximately 600 pm thick using a Sti*euers Accutom-2 cut-off saw. 
These sections were subsequently thinned to approximately 100-150 pm using 
diamond impregnated polishing wheels. Due to the liigh hardness of these 
molybdenum disilicide-alumina composites, the use of SiC papers was limited 
because they wore out too quickly. Final finishing occimed using SiC paper with giit 
sizes from 800 to 2400. Fragments of each specimen were mounted on to 3.05 mm 
copper giids with a 1500 pm hole using a two-part epoxy adhesive. The mounted 
specimens were subsequently placed over night in an oven at 50 °C to allow the 
adhesive to cure. Further thinning followed to reduce the overall thiclaiess of 
specimen plus grid to approximately 100 pm. With the grids being 30 pm thick, the 
specimens themselves were thus approximately 65-70 pm thick.
These grid-mounted specimens were then dimpled to an approximate central thickness 
of 15-30 pm using diamond pastes of grades 14, 6 and 1 pm. Both sides of the 
specimens were dimpled to minimise the time required during the final thimiing 
process and to remove the ridge of the support giid that would otheiwise cast a 
shadow on the central area of the specimen relative to the ion beam. Since the angle 
for ion beam polishing may be veiy small, typically less than 5°, the optimimi dimple 
depth and angle for ion beam polishing could be calculated fiom the following 
approximations. The relationship between the diameter of the dimple grinding wheel 
Dw, the diameter of the dimple 2 r and the dimple depth d is given by:
.2
d = ; ^  3.6Dw
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Typically, the diameter of the dimples were measured to be 2.4 mm. The maximum 
dimple depth without casting a shadow at the centre of the specimen under an ion 
beam at 3° to the horizontal is 1.2 x tan 3° = 63 pm. Using a 13.5 mm dimple 
grinding wheel would produce a dimple depth of 107 pm. Thus it was important to 
ensure that the depth of the dimple on each side of the sample was less than 63 pm. 
Specimen disc geometry is shown in figure 3.6.
Dimple grinding wheel 
pecim en 
Grid
Thickness = 20 pm
Figure 3. 6 TEM Specimen disc geometry.
Final thinning to electron transparency was achieved using a Gatan Model 691 
Precision Ion Polishing System. In this instrument, a beam of argon ions are fired at 
the sample to sputter away the specimen in the central region. Conditions used were a 
beam energy of 5 keV and gun currents in the region of 20 to 25 pA. An initial beam 
angle of 6 ° was used until perforation (after approximately 2 hrs 30 min for thicker 
specimens). The beam angle was subsequently reduced to 3.5° for a further thirty 
minutes to increase the size of the hole and maximise the electron transparent region.
3.4.6 Characterisation via Transmission Electron Microscopy
Microstructural characterisation was achieved using a Philips CM200 transmission 
electron microscope operating with an accelerating voltage of 200 keV using both 
tungsten and LaBô filaments. Qualitative EDX analysis could be used to identify the 
different phases using the Oxford Link ISIS system. The EDX spectra could be
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compared to those obtained from the quantitative SEM analysis. The secondaiy 
phases present were fonnally identified tlnough selected area and convergent beam 
electron diffi’action teclmiques (SAD and CBED respectively) and using SAD patterns 
of the matrix MoSi2 phase to calibrate the camera constant.
3.5 Mechanical Property Evaluation
Several teclmiques were employed to chaiacterise the mechanical properties of the 
MoSi2 composite alloys. As a first approximation of the properties Vickers hardness 
testing was used. A materials response to indentation gives a good indication of 
fi'acture touglmess and the effect of the reinforcement additions, thus fracture 
toughness was estimated fr om direct measmement of the median cracks emanating 
from the indentations.
From tliree-point bending tests the strength and Elastic modulus could be measured. 
Fracture touglmess and R-curve behaviour were evaluated using the double cantilever 
beam method within an SEM, allowing detailed examination of the materials 
behaviour to cracldng.
The experimental details of these teclmiques ar e described in Chapter 6 along side the 
results of the mechanical testing.
3.6 Summary
This chapter has outlined the experimental teclmiques used to examine the materials 
in this study. Starting powders were analysed for particle size, morphology and 
chemistry. Both starting powder blends and hot-pressed materials were analysed via 
XRD to examine the effect of processing.
Microstructures of the materials were obseiwed using light microscopy, scaiming and 
transmission electron microscopy. Chemical and structural analyses were also 
perfomied using electron microscopies.
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Processing and Microstructural Characterisation of MoSiz-AlzOs Composites
4.1 Introduction
This chapter will report the results of the analysis of the starting materials as well as the 
microsti'uctural evolution during processing of both monolithic MoSii and the MoSi]- 
AI2O3 composites. Density measurements and area analyses are used to evaluate the role 
of alumina during processing, its effect on MoSi2 and its inherent silica content. 
Chemical analysis within the SEM has allowed the phases to be identified and a 
mechanism for densification to be proposed. The effect of processing temperature will 
also be discussed.
4.2 Powder Size Distribution. Morphology and Surface 
Chemistry
The particle size, moiphology and surface chemistry of the MoSi2 and AI2O3 powders can 
play an important role in the development of the composite microstructures. Figure 4.1 
shows the particle size distributions for the constituent powders. The MoSi2 powder 
obtained from Aldrich has a naiTow size distribution with a mean particle size of 2.5 pm, 
larger than the size limits stated by the manufacturer. The alumina powder has a bimodal 
distribution, typical for an agglomerated material. Concentrating primarily on the peak to 
the left that corresponds to individual particles, the alumina has a mean particle size of 
5 pm. Wet blending of these powders in ethanol should break down the alumina 
agglomerates and disperse it evenly throughout the MoSi2 powder.
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Comparison o f Powder Size
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Figure 4. 1 Plot of powder size distribution and cumulative frequency of the 
IVtoSi] and alumina powders.
Exam ining the pow ders in the SEM  to reveal the m orphology shows that the M oSii is 
very fine and o f  an irregular shape, shown in figure 4.2. This is consistent with it being 
a pow der that has been m illed to achieve the desired size. Figure 4.3 confirm s that the 
alum ina pow der is coarser than the M oSii and has a w ider size distribution with the 
largest particles being o f  the order o f  10  pm  in diam eter with w hat appears to be a plate 
like morphology. Sm aller particles appear to be m ore spherical relative to the larger 
ones.
The surface chem istry o f  the MoSi? may be im portant in m icrostructural developm ent 
during hot pressing. Chem ical analysis o f  the pow ders in the SEM  is not viable because 
in this case EDX analysis is effectively a bulk analysis technique as the electron 
interaction volum e would be sam pling the centre o f  the pow der particles. On the other 
hand, XPS is surface specific and has an interaction depth o f  a few nanom etres. The XPS 
spectra for the as-received M oSi] pow der are shown in figure 4 .4 .
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Figure 4. 2 (a) SEM Image of M0S12 powder showing morphology 
and size range (b) higher magnification showing finer particles
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Figure 4.3 (a) SEM images of alumina powder. Note the wider sizer distribution 
and morphology ranging from near spherical particles to large platelets (b) higher 
magnification showing platelets and fine particles
63
Chapter 4: Processing and Microstructural Characterisation ofMoSi2-Al2p 3 Composites
oo
■OCO
COo2
(0
O
U
o')
Q.rs 5
^  ^  9
2  s
CO i
3 .
^ 5 8  \
°  ll “ 1I f ;i
t s  '
g . :
CO :
^   ^ (N !
W CO
I I S I I  I I I I I  i l l -
Figure 4. 4 XPS spectrum for the MoSii powder showingthe survey 
spectrum and higher resolution spectra for Mo 3d Si 2p and O Is peaks.
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The C Is peak was centred on a binding energy of 284 eV, rather than 285 eV, suggesting 
that the peaks were shifted to a lower binding energy by 1 eV as a result of specimen 
charging. Analysis of these spectra, with reference to the binding energy data in table 
4.1, indicates the presence of two oxides as well as MoSii. The binding energies in the 
spectra correspond closely to the values in table 4.1 for MoSi2, M0 O3 and Si0 2  . It can 
be deduced that the bulk of the powder is MoSi2 with a mixed oxide surface layer. The 
relative stiength of the Si and Mo oxide peaks relative to the peaks for MoSia indicate 
that the oxide layer is relatively thick. This is consistent with the results of Shaw and 
Asbaschian (1995) who noted a duplex oxide layer on the surface of MoSia powder.
Table 4.1 Binding energies from the literature of Si0 2 , MoSi2 and M0 O3
Compound Binding Energy, eV ReferenceO ls Si 2p Mo 3d5 Mo 3d3
SiOz 532.3 103.2 Wagner et al (1982)MoSiz 99J6 227.68 230.88
M0 O3 531.1 232.5 235.6 Patterson et al (1976)
Using the approach outlined by Watts and Carney (1991) it is possible to estimate the 
thickness of the oxide layer on the powder surface from the following equation:
d = 0.5 A, In 4.1
where d is the oxide thickness, X is the inelastic mean fr ee path, taken as 3 nm for MoSi2 
(Watts, 2001), and U and Id are the intensities of the oxide and metal peak, respectively. 
By performing curve fitting and background subtraction., the areas of the silica peak and 
the MoSi2 peak from the Si 2p region of the specti'um were calculated as:
lo = 8038.85 for SiO: Id = 926.225 for MoSi2
From which the oxide thickness on the powder was estimated to be 3.5 nm.
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4.3 M icrostructural Evolution in M onolithic Hot-Pressed
MoSi
By measuring the density using the Archimedes principle, a value of 5.80 Mg m'  ^ for 
MoSiz hot-pressed at 1550 ®C was obtained. This is 93.0 % of the theoretical density of 
MoSiz (6.24 Mg m' ,^ Vasudévan and Petrovic, 1992). This suggests that the 
microstructure is either porous or consists of more than one phase, with the secondary 
phase having a significantly lower density than that of MoSiz.
Polarised light micrographs of the hot-pressed MoSiz (figure 4.5) suggest that the 
microstructure is fully dense and consists of two predominant phases. These are the 
matrix MoSiz and a second phase that appears in both inter- and intra-granular positions 
(labelled in figure 4.5), which is presumably amorphous silica as this is usually observed 
in powder processed MoSiz.
...»s.
Figure 4.5 Polarised Light micrograph of hot-pressed MoSij (matrix) with a 
second phase of fine inter- and intra-granular (1) particles.
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From SEM analysis of monolithic MoSiz, figure 4.6, it is observed that the 
microstructm'e is almost fully dense and consists of four phases. The two 
predominant phases are the MoSiz matr ix phase and silica. Also present are quantities 
of MosSisC and SiC. The silica particles appear* almost spherical, suggesting they are 
not wetting the MoSiz matrix phase.
The element maps in figure 4.7 demonstrate more clearly the presence of the four 
obseiwed phases. The grey matrix phase in the secondary electron image, which appears 
magenta in the colour image, is MoSiz, confirmed by quantitative WDX analysis. The 
black regions in the secondary electron image correspond to oxygen and silicon only. 
This is more clearly displayed in the false colour image by the yellow regions. Separate 
EDX analyses of these regions confirmed the presence of Si and O, thus this is the silicon 
oxide phase.
A third bright white phase on the secondary image corresponds to an increased intensity 
of Mo and, in some cases, increased C intensity with a con-esponding decrease in the Si 
intensity. This is consistent with the formation of MosSia and MosSiaC phases, which is 
commonly observed in hot-pressed MoSiz due to the infiltration of carbon from the 
graphite dies (Maloy et al.  ^ 1991). Quantitative analysis of several particles of this phase 
confirms that the stoichiometry is (Mo, X)aSi3, where X represents Fe, Mn, Ti and Cr. 
Low levels of these impurity elements were only observed in the 5-3 silicide phase and 
are consistent with those impurity elements reported by the manufacturer, see table 3 .1 . 
This suggests that the impurity elements are insoluble in MoSiz and segregate to the 
MosSia phase.
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Figure 4.6 (a) SEM image showing the four constituent phases of hot-pressed MoSiz and (b) to (e) 
their associated EDX spectra.
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Figure 4.7 Elemental mapping of hot pressed-MoSiz sample. Colour map indicates presence of 
SiC, SiOz and Mo^SiaC (magenta = MoSiz; yellow = SiOz; Red = SiC; blue region indicates Mo 
rich MoÿSijC phase).
The final phase observed corresponds to regions that are M o and O deficient but where 
the Si and C intensities are high. This is presum ed to be due to the form ation o f  SiC. 
M aloy et al. (1991) have shown that the addition o f  carbon to MoSiz reduces the silica, 
form ing SiC, which subsequently im proves the mechanical properties. Carbon 
infiltration is possible due to the use o f  graphite dies in the hot-press and the reducing 
nature o f  the atm osphere. The volum e fraction o f  SiC particles was not quantifiable due 
to their scarcity and the difficulty in distinguishing visually from the other phases.
Area analysis carried out on the m icrostructure to quantify the am ount o f  the silaceous 
second phase suggests that the hot-pressed m onolithic MoSiz has in the region o f  11 vol%  
o f  this phase. From the m easured density o f  5.80 M g m'^ and using a rule o f  m ixtures, it 
was determ ined that the silaceous phase has a density in the region o f  2.25 M g m'^. 
C onsidering that the contributions to the density from MogSig and SiC have been ignored, 
this is reasonably close to that o f  am orphous silica (approxim ately 2.2 M g m'^). The 
am ount o f  silica observed is consistent w ith values reported by others for hot pressed 
MoSiz, including Cotton et al. (1991).
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T he presence o f M 0 O 3 in  the consolidated m aterial has no t been observed. It is know n 
that M 0 O 3 is volatile at elevated tem peratures and its form ation and subsequent 
evaporation at tem peratures in  the region o f  400-600°C  contribute to the p est oxidation 
phenom enon characterised by  C hou and N ieh  (1993). T he XPS data suggests there is 
insufficient silica on the M oSiz pow der surface to accoim t for the am ount o f  silica present 
in the consolidated m onolithic m aterial. H ow ever, it w as observed that there w as a dual 
oxide layer on the pow der surface, w hich consisted o f  M 0 O 3 as w ell as SiOz. Thus, it is 
proposed  that during processing the follow ing reaction is occurring:
3M oSi2+2M 0O 3M O jSij+S iO j  4.2
T his reaction accounts for the form ation o f  the M ogSi3 phase as w ell as the large am ount 
o f  silica observed in the m icrostructure. There is also likely  to be  an am ount o f  oxygen- 
containing m olecules adsorbed on the pow der surface from  the atm osphere that could 
contribute to the form ation o f  silica. A part from  rem oval o f  the oxide layer and 
subsequent storage and handling o f  the pow ders in  an  inert atm osphere there is little  that 
can b e  done to prevent the oxygen inclusion, and hence the silica form ation in MoSiz 
pow ders.
T he general appearance o f  the silica particles suggests that the silica w as in  a viscous 
liquid state. The ho t pressing tem perature o f  1550°C is above the softening point o f  
am orphous silica, suggesting that the silica actually  enhances densification. The 
softening o f  the am orphous silica present on the pow der surface allow s particle 
reanangem ent. W lien the load  is applied during hot-pressing this encourages the 
rearTangement and densification o f  M oSiz.
S tudying the SEM  m icrograph in  figure 4.8 (a) o f  m olybdenum  disilicide ho t pressed at 
1680°C, there is apparently little  difference in  the m icrostructure com pared w ith that hot- 
p ressed at 1550°C. Figure 4.8 (b) shows the elem ent m ap indicating that there is little 
difference in chem ical com position. F igure 4.8 (c) is o f  an abnorm ally large MoSiz grain. 
These w ere m ore prevalent in  the sam ple hot-pressed at 1680°C. M oSiz, sim ilar to
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a lum ina, is known to suffer from abnorm al grain growth during sintering, although 
generally hot-pressing suppresses abnorm al grain growth.
-ZOutt
(a)
Figure 4.8 (a) Secondary electron image of IMoSiz hot pressed at 1680"C. (b) False colour map of (a), 
magenta = MoSiz; yellow = SiOz; Red = SiC. (c) Abnormally large MoSiz grain. N.B. white lines in 
(a) and (c) are cracks in the carbon coating.
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Upon examining the edge of the sample close to where the interface with the die would 
have been (figure 4.9), it is observed that the microstructure differs from the bulk. The 
grain size of the MoSiz close to the edge is significantly larger than the bulk material. 
Also, less silica is present and more MogSi]. Presumably the silica has been reduced by 
the graphite from the dies to form a thin layer of the 5-3 silicide at the surface. The 
difference at the edge appears only to extend to a distance of approximately 100  pm, 
although this volume could have an effect on the measured density. Removal of this 
layer was required to ensure the density of the bulk material was measured.
Figure 4.9 Microstructure close to the interface of the powder with the graphite dies. Note the 
increased size of the matrix grains and reduced volume fraction of silica. More MogSbC was 
present, especially at the edge. Most of this had been removed during sample preparation but this 
region will affect the measured density.
It is anticipated that the addition of alumina to MoSiz has the potential to benefit the 
mechanical properties by reacting with the detrimental amorphous silica, potentially 
forming mullite, a phase known for its high temperature stability.
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4.4 Influence of Alumina on the Microstructure of Hot-Pressed
MoSi-
4.4.1 Density and Area Analysis Results
Studying light micrographs of the composites shown in figure 4.10 and, comparing them 
with that in figure 4.5 of the monolithic material, it is evident that the microstructure 
consists of three distinct regions, the first being the MoSiz matrix, which is similar in both 
cases. On first inspection, it appears that the second phase is similar to the silica in figure 
4.5 in that it appears darker than the matrix. Closer inspection reveals two different
m m #
Figure 4.10 Polarised light micrographs revealing the microstructure of the composites produced; 
(a) 5 vol% alumina addition; (b) 10 vol% alumina; (c) 15 vol% alumina and (d) 20 vol% alumina. 
The reinforcement phase consists of two distinct particle morphologies. The large dark particles 
are assumed to be alumina and finer particles are assumed to be silica.
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morphologies. There are smaller and more circular particles, which are presumed to be 
the amorphous silica; the second morphology coiTesponds to the more inegularly shaped 
dark areas. These irregularly shaped areas were initially assumed to be the alumina 
containing particles, although their shape and size bear no resemblance to that of the 
original alumina powder (figure 4.3). Potentially the alumina particles have 
agglomerated slightly but the nature of the interface with the matrix suggests that the 
alumina has been dissolved to some extent by the silica.
Table 4.2 summarises the density, volume fraction of reinforcement and mean grain size 
of the matrix phase for the composites produced. In this case the term reinforcement 
includes the silica and alumina.
Table 4.2 Compositional and density data for the synthesised composites
Sample
Desig­
nation
Ideal
Composition
Theoretical 
Density 
assuming 
no silica 
formation 
/Mg m^
Measured 
Density 
/Mg m'^ 
Mean of all 
data
Vol%
reinforcement 
phases from area 
analysis
Mean 
matrix 
grain size 
(pm) ± 1 
standard 
deviation
MS MoSiz 6.24 5.80 10% 5.7 ±1.7
M5A MoSiz-5vol%AlzOs 6.13 5.68 16% 5.1 ± 1.6
MIGA MoSiz- 10vol% AlzOz 6 .01 5.59 17% 4.9 ±1.8
M15A MoSiz- 15vol% AlzOs 5.90 5.49 2 1 % 5.0 ± 1.6
M20A MoSiz- 2 0 vol% AI2O3 5.79 5.37 23% 4.9 ±1.4
The addition of alumina to MoSiz appears to have a small refining effect on the matrix 
grain size. It is plausible that the alumina will react with the free silica potentially 
forming mullite. Stoichiometric mullite has the composition of AlgSizOn (or 
3A1z0 3 ‘ 2SiOz). With 11 vol% silica in the monolithic MoSiz, 14.5 vol% AlzOs is 
required to convert all of the free silica to mullite. Additions of alumina fr om 5 to 20 
vol% were chosen to evaluate the effect of increasing the alumina content from less than 
ideal to greater than ideal concentrations required to form stoichiometric mullite. Figure
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4.11 shows a plot of the Al^Os-SiOz binary phase diagram with the effective alumina 
concentrations of these composites with respect to the ideal mullite concentration.
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Figure 4.11 The SiOz-AI^Oj binary phase diagram (after Askay and Pask, 1975) 
showing the effective composition expected in the manufactured composites.
The graph in figure 4.12 plots the measured and calculated densities for the composites. 
The theoretical density assuming the microstructure consists entirely of MoSii and AI2O3 
is not shown in its entirety but the density assuming the microstructure consists of MoSii, 
AI2O3 and amorphous Si0 2  is plotted. Data are plotted for samples from the initial batch 
that were pressed to 4 mm thickness as well as subsequent batches pressed to 8 mm 
thickness at the higher temperature. Density measurements were made again after these 8 
mm samples were sectioned to 2 mm thickness. The agreement between measured values 
and those calculated taking into account the silica inclusions is good but diverges as the 
alumina content increases. This suggests that a fourth phase is forming with a higher 
density than amorphous silica. Mo$Si3 is denser, but microstructural observations suggest 
that the amount of MosSi3 in the composites is similar to the amount in MoSi2. The
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divergence of the measured density for the 8 mm thick samples relative to the 2 mm thick 
specimens cut from the larger sample could indicate the presence of a sinter skin that is 
denser than the bulk material (figure 4.9 illustrated this fact for MoSiz). The 2  mm thick 
samples were cut such that areas that were close to the edge were removed to a depth of 
at least 500 pm.
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Figure 4.12 Plot of calculated and measured density of the compositions investigated.
4.4.2 X-Ray Diffraction Data
Figure 4.13 displays the XRD traces received for both powder mixtures and consolidated 
samples compared with the trace for monolithic MoSiz. Identifiable phases were MoSiz 
and a-AlzOg. It is evident from comparing the two traces for each composition that 
during processing some alumina is being dissolved or reacting as the relative intensity of
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the alum ina peaks decreases for the consolidated m aterial com pared with the powder 
m ixtures.
L juul_x _i :
—^——/-lJlLu____A_ A A IL
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Figure 4.13 XRD spectra for the powder mixtures and consolidated composites compared to the 
spectrum for monolithic IMoSi^ .
N o other phases were identified from XRD. Unclassified peaks exist at approxim ately 
28.9° in the pow der m ixtures and at approxim ately 29.6° in the consolidated sam ple 
spectra. These peaks could be from MosSis, which has several peaks at these 20 values. 
Potentially m ullite or other crystalline phases are present in small concentrations that 
XRD cannot detect.
4.4.3 Microstructural Analysis of Composites Hot-Pressed at 1550 °C
Exam ining the elem ent map for M 5A (figure 4.14) in the secondary electron image the 
m atrix phase is grey, the Mo^Si] phase is present as a brighter phase and there are two 
distinctly shaped black phases. Exam ining the Al m ap, the larger black areas correspond
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to the added alum ina w hile the sm aller, m ore round particles are Al deficient but O and Si 
rich and are thus the silica. M ore im portantly around the alum ina particles, the Al 
concentration is reduced and the silica concentration is increased relative to the centre o f  
the particles. Thus the alum ina is being dissolved by the silica at the particle boundaries 
form ing an alum inosilicate phase, possibly mullite.
?ri9 r » "I1C. »
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Figure 4.14 Element mapping of IMoSij 5 vol% alumina composite. Yellow = alumina; white = Al 
rich aluminosilicate phase; blue = MoSi:; cyan = Si rich aluminosilicate phase.
For the M lOA sam ple (figure 4.15) there are obviously m ore alum ina particles. 
Sim ilarly, these particles have an alum inosilicate boundary layer and free silica is still 
present, although m any o f  these sm aller particles have a low Al concentration associated 
with them.
For M I5A  (figure 4.16) all o f  the secondary phase particles can be associated with a 
concentration o f  Al, Si and O. The larger particles have an alum ina centre and are 
enclosed within an alum inosilicate phase. The sm aller particles tend to consist entirely o f  
an alum inosilicate phase.
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For M 20A (figure 4.17), w here the am ount o f  alum ina added is in excess o f  that required 
for com plete dissolution by the silica content, there is no longer any free silica. The 
original alum ina particles, w hich are yellow  in the colour processed m ap, are surrounded
im—si     ■ Is r .  JNS
m
Figure 4.15 Element mapping of MoSh 10 vol% alumina composite. Yellow = alumina; white = Al 
rich aluminosilicate phase; blue = MoSiz; cyan = Si rich aluminosilicate phase.
1ALJl A .  '  *■
Figure 4.16 Element mapping of MoSiz 15 vol% alumina composite. Yellow = alumina; white = Al 
rich aluminosilicate phase; blue = MoSiz; cyan = Si rich aluminosilicate phase.
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by a phase containing oxygen, alum inium  and silicon (w hitereg ions). These m aps show 
that the m icrostructure consists o f  a M oSi] m atrix, alum ina particles and an 
alum inosilicate phase separating the two. M icrostructural features such as this w ithin the 
bulk o f  the sam ple have not been reported previously. It appears that it is assum ed that 
the m icrostructure consists solely o f  M oSi] and alum ina, as there are no chemical 
analyses to support. How ever studies o f  the oxidation characteristics o f  the M o(A l,Si)2 
system by Y anagihara et al. (1995) have observed an alum inosilicate phase and also 
m ullite formation within the oxide scale.
Figure 4.17 Element mapping of MoSiz 20 vol% alumina composite. Yellow = alumina; white = Al 
rich aluminosilicate phase; blue = MoSiz; cyan = Si rich aluminosilicate phase.
Quantitative elem ent m apping was carried out to a limited extent in the SEM to reveal the 
interaction between the alum ina and silica. Q uantitative m apping was a tim e consum ing 
process typically taking 14 hours to com plete, so was norm ally run overnight. Figure 
4.18 shows the quantitative elem ent m aps o f  a region o f  M 15A. The colour key indicates 
the elem ental (weight) percentage corresponding to the colours displayed. The MoSi? 
matrix is readily identifiable in all the m aps, appearing orange on the Mo m ap and green 
on the Si map. The colour range is consistent with the ratio o f  M o to Si in M oSi]. A 
Mo^Si] particle is also observed by an increase in the M o elem ent percentage to a red
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colour and a corresponding decrease in the Si concentration. This map indicates that 
there are two alum inosilicate phases o f  differing com positions. One is alum ina rich, and 
the other silica rich. From the data it is evident that the alum ina particles appear to be 
dissolving and are engulfed in a phase that has a com position close to that o f  mullite, one 
o f  the two alum inosilicate phase. The second alum inosilcate phase is associated with the 
sm aller particles with a lower Al concentration (blue on the Al map). These are silica 
rich and have a com position close to that o f  (Si,A l)O i.
Figure 4.18 Topographic image of 15 vol% alumina composite and corresponding quantitative 
element maps. These compositional data suggest that stoichiometric mullite is forming around 
the alumina particles.
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The data for each individual pixel are quantitative, although the pixel size is large. 
Therefore care must be taken in interpreting this data, especially at the interfaces, as 
interfacial regions will contain an element count for two phases. Ignoring pixels 
containing molybdenum, the data are concentrated around three compositions. Starting at 
40 at% Al and 60 at% O (alumina) the data extend to a composition close to that of 
stoichiometric mullite (28.6 at% Al, 9.5 at% Si and 61.9 at% O). The density of the 
points is gieater at these two compositions than the density of the points in between. The 
data in between are likely to have been obtained from the interfacial regions.
Closer examination of these aluminosilicate regions in the SEM was achieved using a 
variety of techniques. Figure 4.19 shows a typical SE image of a region of the 20 vol% 
alumina composite. Through careful adjustment of the brightness and contrast of the 
image, the alumina particles are visible in the suiTounding aluminosilicate phase due to 
polishing relief. Quantitative EDX analysis (with accompanying spectra for the points 
marked) shows that the cential particle (labelled 1) is alumina and the surrounding phase 
(2) is stoichiometric mullite. EDX analyses of the matrix at point 3 and the bright 
particle at 4 correspond to MoSia and MosSia, respectively. The inegularly shaped 
particle at 5 is, again, mullite, whilst the circular particle at 6  is the silicon rich 
aluminosilicate phase. Similar observations were noted for each of the compositions. It 
was thought plausible that some aluminium may have dissolved in the MoSii to fonn the 
Mo(Si,Al)2 phase, observed in MoSi2-Al alloys (Arvanitis, 2001) but studying several 
EDX specti'a of the matrix suggests that this has not occuned.
Quantitative linescans were also employed to analyse these phases and to look at the 
phase interfaces. Figure 4.20 shows a typical linescan from a 10 vol% composite 
overlaid on the conesponding topogiaphic image. The yellow line on the image indicates 
where the line scan took place. Examining the plot of at% of each element against 
distance, the first interface encountered is between MoSii and mullite. The steep 
decrease in Mo concentration and steep increase of O indicate that a clean interface exists 
between MoSi] and mullite. The interface between mullite and the alumina particle is
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less sharply defined. The shallow gradients of the Al and Si lines indicate that there is 
possibly a concentration gradient between the two particles. This would be expected if 
the silica is dissolving the alumina.
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Figure 4.19 Secondary electron micrograph of 20vol% alumina sample and 
EDX spectra of constituent phases (point 4 is MogSij, the spectrum is not 
shown but it is similar to that shown in figure 4.6).
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Figure 4.20 Quantitative linescan across an alumina mullite region (yellow line) showing change 
in composition and presence of alumina, mullite and (Si,AI)Oz (hot press temperature = 1550 °C).
It is clear that the sam ples have not reached equilibrium  as there are still particles o f  free 
silica present in the m icrostructure for the 15 and 2 0  vol%  alum ina com posites, where the 
alum ina is in excess o f  that required  for com plete  conversion  o f  the free silica to  m ullite.
A sam ple o f  the 20 vol%  alum ina com posite was annealed at 1600°C for 24 hours in air 
to investigate the changes in the m icrostructure after this heat treatment. In figure 4.21 it 
is observed that porosity has developed at the interface between the m ullite and M oSi], 
corresponding to bright areas on the carbon elem ent map. These areas o f  high carbon 
intensity are likely to result from the m ounting m aterial infiltrating the pores during 
sam ple preparation for m icroscopy. A silicon rich oxide phase was not observed in the 
m icrostructure. Polishing re lie f o f  the alum inosilicate regions is sim ilar for both the 
sm aller individual particles and the areas that include alum ina, again suggesting that only 
an Al rich alum inosilicate phase is present, which is likely to be m ullite. From the colour 
elem ent map, large regions are white indicating the presence o f  Al, Si and O. The large
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alum ina particle at the top right has only a small alum inosilicate region surrounding it, 
suggesting that m ost o f  the silica has been consum ed in forming m ullite elsewhere. 
Sm aller particles also have a com position sim ilar to that o f  m ullite.
SE.255
A
51.47
Figure 4.21 Elemental mapping of 20 vol% alumina sample annealed at 1600°C for 24 hours. These 
maps suggest that there is no silica remaining.
Figure 4.22 (a) is a higher m agnification m icrograph o f  another region o f  the same 
annealed sam ple with typical EDX spectra for the marked phases shown in (b) to (e). 
Quantitative EDX analysis o f  these points confirm  that the spectra corresponding to 
points 1 to 3 are from alum ina, points 4 to 6  and 11 are from stoichiom etric m ullite, the 
m atrix is M oSii and the bright particle labelled 10  is Mo^Si]. The region m arked 12 is a 
large pore.
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I
Figure 4.22 (a) High magnification micrograph of the annealed sample with (b) to (e) showing the 
corresponding EDX spectra for the points displayed. Point 12 is a pore that has formed during 
annealing.
Saruhan et a l (1996) reported the formation of pores in studies on reaction sintering of 
mullite from a-alumina and amorphous silica. This was attributed to the initial 
nucléation and growth of mullite crystals froming a stiff network, preventing further 
particle rearrangement. Remaining amorphous silica was consumed in epitaxially 
growing the mullite crystals, leaving behind a void. The porosity observed in figures 
4.21 and 4.22 is likely to have formed in an similar manner.
Excessive oxidation to a depth of approximately 1 mm from the sample edge that 
occurred on annealing, shown in figure 4.23, meant that samples for mechanical property 
testing could not be annealed. The reason for this is that once the oxidation layer was
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removed there would be insufficient material remaining to prepare the required 
specimens and unfortunately the furnace was unable to perform a 24 hour heat treatment 
using an inert atmosphere. The annealing temperature is above the eutectic temperature 
of 1587°C in the silica-alumina phase diagram (figure 4.11). Oxidation of MoSi] at the 
edge of the specimen has resulted in the formation of MogSi] and silica. The silica, in 
liquid form could have leaked out of the sample, evidence supporting this was that, upon 
removing the sample from the furnace, it was enclosed in an envelop of material and the 
dark regions in figure 4.23 is porosity. This temperature is also above that at which the 
oxidation rate of MoSi% increases, as discussed in § 2 .2 .2 .
200^^
».
Figure 4.23 Low magnification micrograph showing the depth of penetration of oxidation into the 
annealed sample.
4.4.4 Microstructural Analysis of Composites Hot-Pressed at 1680 °C
Initial inspection of the samples processed at 1680 °C shows that the microstructures are 
similar to those processed at the lower temperature. Further examination of the 
alumina/mullite regions shows that the alumina particles are smaller and the mullite area
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around the alumina has increased, as illustrated for a 20  vol% alumina composite pictured 
in figure 4.24 (a). This is even more evident from the elemental maps of the composites 
(figure 4.24 (b) shows a typical map corresponding to the micrograph in (a)). The higher 
temperature will have increased the rate of diffusion, hence the composites are closer to 
equilibrium. Particles of the (Si,Al)0 2  phase are still present in the 20 vol% alumina 
composite but tend to be several micrometres from the closest alumina particles.
(a)
Figure 4.24 (a) Secondary electron micrograph the of 20vol % alumina 
composite hot pressed at 1680 "C; (b) Element Map of (a) blue = MoSi ;^ 
white = aluminosilicate phases; yellow = AI2O3
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Figure 4.25 shows a micrograph of a 10 vol% alumina composite. Comparing the 
microstructure and chemical data to that in figure 4.21 it is observed that all three of the 
aluminium containing phases are present. The small individual alumina particles are 
surrounded by mullite and the (Si,Al)0 2  phase is visible between the mullite crystals. 
This is confirmed by the linescan data across these regions showing the compositions of 
each phase.
Figure 4.25 Chemical analysis of individual particles: 1. = AI2O3; 2. = Mullite; 3. = 
MoSi2; 4. = (Si,AI)02.
Figure 4.26 shows a micrograph of the 20 vol% alumina composite with chemical 
analysis results for each numbered phase for comparison with that of figure 4.19 (EDX 
spectra are similar, so not shown). The significantly smaller size of the alumina particles 
is readily observed in this micrograph in comparison with figure 4.20.
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Figure 4.26 Quantitative linescan across an alumina mullite region (yellow line) 
showing change in composition and presence of alumina, mullite and (Si,AI)Oz 
(hot press temperature = 1680 “C).
Plotting all the chemical data retrieved from all com posites for each com position for the 
A l-containing phases on the Si0 2 -A l2 0 3  binary diagram , figure 4.27 (a), it is noted that 
the data suggest that alum ina and m ullite are present with the third phase, (Si,A l)02 
forming. The alum ina and m ullite data appear fractionally Si rich, which suggests that 
som e silicon from the M oSi2 m atrix was also being detected. The effect o f  increasing the 
processing tem perature on the com position has not affected the com position o f  these 
phases, only the volum e fraction present in the sam ples, i.e. the quantity o f  m ullite has 
increased w hilst the quantity o f  (Si,A l)02 has decreased.
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Figure 4.27 Chemical data for the aluminosilicate phases plotted on the silica-alumina phase 
diagram.
4.5 Summary
Silica is inherent to powder processed MoSii and forms within the compacts due to the 
dual oxide layer on the powder surface. M0 O3 from this oxide layer reacts with MoSii to 
form the silica and MosSi]. Further oxidation during processing also contributes to the 
silica formation.
Alumina has reacted with the silica to form two aluminosilicate phases. It has been 
shown that excess alumina is required to consume all the inherent silica. Quantitative 
analyses of these aluiminosilicate phases suggest that crystalline stoichiometric mullite is 
nucleating and growing around the alumina particles. Coupled with the mullite is the 
dissolution of some alumina in the silica forming a Si-rich, Al-containing amorphous 
phase. This is most likely a precursor phase formed prior to mullite crystallisation once
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further alumina has been dissolved. This glassy phase is most commonly observed 
remote from the alumina-mullite regions in all compositions, suggesting that the none of 
the samples are in equilibrium. Annealing the 20 vol% alumina sample at 1600 ”C for 24 
hrs in air appears sufficient for all the silica to react with the excess of alumina to fomi 
mullite, although this results in porosity in the microstiucture and oxidation to a 
significant depth.
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Transmission Electron Microscopy of 
MoSiz and MoSiz-AlzOs Composites
5.1 Introduction
This chapter will present the results of the transmission electron microscopy analyses 
of the monolithic hot-pressed MoSii and the alumina containing composites. 
Analyses of the reinforcement phases using the TEM enabled frnther investigation of 
the microstiuctural evolution during processing, tlnough structural analysis (electron 
diffraction) and chemical analysis (EDX) of these phases.
This chapter will proceed to discuss the microstmctinal evolution of MoSi2 and the 
alumina containing composites in light of all the results presented in chapters 4 and 5. 
Predictions of the influence of alumina on the mechanical properties will be made in 
light of the microstmctinal evolution.
5.2 TEM Analysis of Monolithic MoSi?
Through analysis of EDX spectra, the hot pressed MoSi2 is seen to consist of three 
main phases. Refemng to figuie 5.1, EDX analysis suggests that the dark matrix 
phase is MoSi2, the light phase is silica and that the heavily faulted grey phase 
contains silicon and possibly some carbon. It is difficult to detect carbon reliably 
using EDX. Potentially this phase is SiC, which was observed in the SEM, The 
number of staclcing faults visible in the crystal in question, is consistent with it being 
SiC. By perfoiming electron diffraction, these phases could be identified 
conclusively. Figure 5.2 shows typical indexed selected area diffraction (SAD) 
patterns for (a) MoSi2 along the [110] zone axis and (b) SiC along the [001] zone axis. 
The silica was assumed to be amoiphous because tilting of the sample did not alter the 
contrast significantly. Convergent beam diffr action of the silica phase resulted in the
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. I
(a)
1
X
(b) M = MoSii
I I
(c) S = S1O2 (d) C = SiC (e) 5-3 = MosSis
Figure 5.1 (a) TEM micrograph of MoSi; microstructure showing the constituent phases and (b) 
to (e) the associated EDX spectra.
formation of an amorphous ring pattern shown in figure 5.1 (c). In general, it is 
observed that the silica particles appear at triple points of the matrix phase. The near 
spherical shape of the silica suggests it does not wet MoSi2.
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The large silica area in figure 5.1 has several small spherical particles within it. 
Potentially these are just small sections of grains above and below the silica but this 
seems very unlikely given their morphology. Some of these particles were identified 
as MoSi] and others as MogSi] which also contained the impurity elements, as was 
observed by chemical analysis in the SEM. This large silica expanse, which borders 
the SiC crystal, could have occurred because of oxidation during processing. The 
small size and shape of the MoSi] particles suggesting they have been consumed in a 
reaction. The presence of MogSi], the other product of high temperature oxidation of 
MoSiz supports this.
(a) MoSi2Zone Axis: (1 1 0] (b) SiC
Zone Axis; (0 0 1)
0 0 4  #•112 #
-2 2 0 0 0 0  
#
Figure 5.2 Electron diffraction patterns associated with the phases in 
figure 5.1 (a) SADP for MoSiz, (b) SiC, (c) amorphous ring pattern from 
convergent beam electron diffraction of the silica
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The EDX spectra obtained from the TEM are similar to those obtained from 
quantitative chemical analysis within the SEM. Having chemically and stiucturally 
characterised the constituent phases by quantitative EDX using the SEM and SAD 
using the TEM, use of EDX in the TEM could be used to easily identify frirther 
particles.
5.3 TEM Analysis of the Alumina-Coiitainmg Composites 
Hot-Pressed at 1550”C
Examination of the microstmctme of the 5 vol% alumina composite confirmed that 
the matiix is MoSi2 and the large secondaiy phase particles obseiwed in the SEM are a 
mixture of two phases, as shown by the EDX spectra in figine 5.3. The contrast 
difference between these two phases is much gieater than the contrast observed in the 
SEM, simplifying identification and characterisation of the reinforcement. From the 
EDX spectra, the alumina particles tend to appear" roimded and are suiTounded by 
mullite. Where alumina particles are present, little or no silica was obsei*ved within a 
couple of micrometies. This suggests that the silica is reacting with the alumina to 
foiin the mullite. The rounded shape of the alumina particle suggests it is being 
dissolved.
Figure 5.4 shows secondary phase particles siuToimded by MoSi2 that were away 
from any alumina grains. From EDX analysis, these central particles consist of 
mullite, which was confirmed by SAD (inset shows indexed pattern along a [1Î0] 
zone axis) and a silicon rich, aliuninium-containing, amorphous glass (see CBED ring 
pattern), hidexing of SAD patterns of the MoSi2 matrix (inset shows a zone axis of 
[1 0 1 ]) were used to calibrate the camera length for identification of the other phases 
by SAD. In this case, there is no alumina to supply the further transformation of the 
glassy silaceous phase to mullite. Potentially a small alumina particle was present and 
has been completely consmned in foiming the mullite ci-ystal and there is insufficient 
concentration of A1 in the glass phase for frirther growth of the mullite.
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(b) M =MoSi: (c) A = Alumina (d) Mu = mullite
Figure 5.3 (a) Microstructure of 5vol% alumina additions showing alumina particle surrounded 
by mullite and (b) to (d) the associated EDX spectra.
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(a)
(b) M = MoSi
ZA 10-1)
- (C) SA = (Si,Al)02 
I T
i
(d) Mu = mullite
Figure 5.4 (a) A mullite crystal adjacent to a silica rich glass in an MoSiz matrix with (b) to (d) 
showing associated EDX spectra and diffraction patterns.
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The microstructure of the 10 vol% alumina additions was very similar to that of the 5 
vol% composite as shown by figure 5.5, where the phases were identified by EDX 
and SAD. The main difference was that there was more alumina. The silica-alumina 
ratio is closer to that of stoichiometric mullite. Silica particles were now observed 
closer to alumina than for the 5vol% composite. The alumina particle in the centre of 
the figure appears elongated, with a thin mullite layer either side, but a larger expanse 
of mullite below. Potentially there was another alumina particle below (as the SEM 
observations showed that the alumina particles tended to agglomerate), which has 
either been fully consumed in forming the mullite, or was sputtered away by the ion 
beam thinning process, because the edge of the hole in the sample runs across the 
lower left comer.
Figure 5.5 Mullite (Mu) surrounding alumina in 10 vol% alumina composite. Note the 
amorphous particle (SA) surrounded by MoSiz.
In § 4.4.1 it was determined that 15 vol% addition of alumina was required to react 
with the SiO] to form mullite. As was shown by the SEM analysis, equilibrium 
conditions have not been obtained. Figure 5.6 shows a typical TEM micrograph of 
the composite made with 15 vol% alumina. Again, alumina particles are surrounded
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Figure 5.6 In the 15 voI% alumina composite, particles with a similar morphology to the 
amorphous glass observed in previous compositions are now mullite.
by mullite in a MoSiz matrix. In addition, particles with a similar morphology to the 
silicon rich aluminosilicate glass observed in the previous composites, top right of the 
figure, now have a composition corresponding to mullite (inset) and are crystalline. 
The aluminosilicate glass is still observed in the microstructure. For some of the 
amorphous particles to have formed mullite, there must have been sufficient 
dissolution of alumina and diffusion of A1 species to enrich the silica such that the 
mullite composition was reached and that crystallisation could occur. Where mullite 
is present surrounding alumina (lower centre of figure 5.6), the mullite potentially has 
heterogeneously nucleated at the alumina interface. For the smaller mullite particles 
like that in the top left of figure 5.6, with a morphology consistent with the
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amorphous silica rich phase, the mullite may have homogeneously nucleated within 
the glass.
For the composite with 20vol% alumina additions, a similar microstructure is 
observed to that of the 15vol % alumina composite. In the micrograph montage of 
figure 5.7, where an agglomeration of alumina particles is observed, mullite crystals 
surround them. Again smaller mullite particles exist independently, along with the 
glassy phase located further from the alumina.
A
Mu
Figure 5.7 20 voI% alumina composite showing alumina particles surrounded by 
mullite grains.
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Figure 5.8 shows a complete mullite particle located near an amorphous particle with 
the nearest visible alumina particle two micrometres away. Mullite appears to have 
nucleated at the interfaces of the alumina particles. Subsequent growth of the mullite 
has encircled the alumina particles. Some of the alumina particles are surrounded by 
several mullite crystals, suggesting that several nuclei have formed and grown. These 
microstructures observed in all the compositions studied suggest that mullite 
nucléation and initial growth are quite rapid considering that the samples were only 
held at 1550 ®C for 1 hour during processing. Considering that the mullite forms an 
effective diffusion barrier surrounding the remaining alumina and the Si-rich glass 
particles are located in a MoSiz matrix away from the alumina, a significantly longer 
annealing treatment is required for equilibrium to be obtained.
Figure 5.8 20 voI% composite showing complete mullite particle and SiOz 
particle remote from AlzOa.
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Figure 5.9 is a micrograph of the sample that was subsequently annealed at 1600°C 
for 24 hours. In the centre of the micrograph are two mullite crystals; the sample was 
tilted to gain maximum contrast between them. Within 500 nm of the mullite crystals 
is a particle that, on first observation has a similar morphology to the amorphous 
silica particles described earlier. EDX analysis of this particle showed it to have a 
spectrum corresponding to mullite and electron diffraction showed it to be crystalline. 
This suggests that the annealing treatment was sufficiently long enough to complete 
the conversion of silica to mullite. The morphology of the smaller mullite particles 
suggests that mullite has nucleated homogeneously from within the amorphous glass 
once the concentration of A1 has reached the composition of mullite.
Figure 5.9 The annealed 20 voI% alumina composite showing 
that silica particles are now mullite.
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5.4 TEM Analysis of the Alumina-Containing Composites 
Hot-Pressed at 1680®C
As was observed in chapter 4, increasing the processing temperature increased the 
size of the mullite particles and correspondingly the alumina particles were much 
smaller. In figure 5.10 (a), two mullite crystals surround a spherical, alumina particle. 
The higher temperature has increased the rate of diffusion. In general it is observed 
that the alumina particles have become more spherical as they minimise the surface 
energy and dissolve.
1 nm
(b)
Mu M 
50 nm
Mu
50 nm
Figure 5.10 (a) 20 voI% alumina sample processed at 1680°C. Alumina particles are smaller 
suggesting a greater dissolution rate compared with samples processed at 1550°C. (b) and (c) 
High resolution images of the clean interfaces between mullite (Mu) and MoSii (M) and mullite 
and alumina (A).
104
Chapter 5: Transmission Electron Microscopy Analysis
Higher resolution imaging of the mullite-MoSiz and alumina-mullite interfaces in 
figure 5.10 (b) and (c) reveal that the interfaces are smooth and clean. As such there 
is no apparent interfacial phase present in these materials on this scale of imaging.
The amorphous silicon rich, aluminium containing, phase is still present in these 
composites processed at 1680°C. In the 20 vol% alumina composite, the alumina is 
in excess of that required for complete conversion of the silica to mullite. In figure 
5.11 (a), a silica particle approximately 1 pm in diameter is shown at the triple point 
of three matrix grains. A lower resolution micrgraph in (b) reveals that the silica 
particle is over 2 pm away from the nearest alumina particle and that the alumina is 
surrounded by mullite. This is again evidence that the diffusion of A1 and Si species 
is controlling the rate of mullite formation and growth.
(a) (b)
L
500 nm
Figure 5.11 (a) Amorphous silicon rich particles are still present in the composite 
processed at 1680°C. This one is at the boundary with three MoSi  ^grains, (b) Lower 
magnification reveals that the silica particle is over 2 pm away from the nearest A1 
source.
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5.5 Discussion of the Microstructural Observations
5.5.1 Summary of Observations
Transmission electron microscopy allowed a greater imderstanding of the 
microstructural evolution when coupled with the Icnowledge obtained fi*om SEM 
analysis. The monolithic MoSi2 does consist of secondaiy phases of amorphous silica 
and ciystalline cubic SiC. The silica paiticles tend to be rounded suggesting that they 
are not wetting MoSii at the processmg temperatm*es of 1550°C and above. The 
small MoSiz and MosSis particles observed in the silica in figure 5.1 could just be 
sections of larger giains above or below the silica. Alternatively, they could be 
evidence of oxidation of MoSiz during processing. The small size of these particles 
and near spherical shape would be consistent with them reacting.
The composites manufactured potentially have not reached equilibrium during 
processing, in that alumina is still present in the 5 and 10 vol% composites and 
amoiphous (Si,Al)Oz is still obseiwed in the 15 and 2 0  vol% composites. By 
performing selected ai*ea diffraction it has been shown that stoichiometric ciystalline 
mullite is forming m the microstiucture. Thioughout the examination of the 
microsti’uctui'es using the TEM, no orientation relationships were observed between 
mullite and alumina. A similar observation was made by Kleebe et a l (2001). The 
silica, present in the monolithic MoSiz, is dissolving the alumina and once the 
alumina concentration of the glassy phase is high enough, mullite is probably 
heterogeneously nucleating at the alumina interface. Subsequent growth of the 
mullite suiTounds the alumina particles limiting fuither reaction of the remaining 
alumina and silica rich glass. For the composites with an alumina content that was 
calculated to be at or above the amoimt required for complete conversion of silica to 
stoichiometric mullite, individual mullite particles are obseiwed that are remote from 
any alumina. These remote mullite particles are similar in size and shape to the 
amoiphous silicon rich particles, suggesting that the A1 concentration in selected 
particles has increased sufficiently to potentially allow homogeneous nucléation of 
mullite within the glass.
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5.5.2 Microstructural Evolution in Powder-Processed MoSiz
111 § 4.2, it was shown by XPS that a dual oxide layer consisting of SiOz and M0 O3 
was present on the MoSiz powder surface. Shaw and Abbaschian (1995) concluded 
that after milling of the powder, exposure to air resulted in rapid SiOz formation, 
which was completed within 24 houis of exposuie, whilst the formation of M0 O3 
lasted for more than 24 hours at ambient temperatmes. Chemical and stmctural 
analysis of the hot pressed MoSiz indicated that no M0 O3 was present in the 
microsti'uctine, only MoSiz, SiOz and unquantifiable amounts of MosSiz and cubic 
SiC were detected. Neither of the last two phases were obseiwed dining chemical 
analysis of the powder and insufficient silica was present on the powder suiface to 
account for the volume of silica observed in the processed material. Potentially, 
during mixing of the powders some particle fiacture may occur or the oxide surface 
layer dislodged into the blend and finther oxidation of the MoSiz powder occin duiing 
drying adding to the quantity of the dual oxide present in the powder blend.
During hot-pressing, the volatile M0 O3 can react with MoSiz to form MogSiz and SiOz 
following reaction 4.2, although tliis reaction alone cainiot account for the quantity of 
silica obseiwed. Chemical analysis of the 5-3 silicide showed that the impurity 
elements (Fe, Mn, Ti and Cr) listed by the manufactiner were present in this phase, 
but were not obseived in MoSiz. Carbon concentration was also high in the 5-3 
silicide, relative to other phases, suggesting that the Nowotny phase, MogSizC, was 
fomiing. Carbon infiltration is possible fi'om the giaphite dies used and fiom 
adsorbed carbonaceous matter during preparation, as no special precautions were 
taken to maintain powder cleanliness. Hardwick et a l (1992) produced silica fiee 
MoSiz by reaction synthesis of high piuity Mo and Si powders. These powders were 
supplied under an inert gas and subsequent handling and processing was performed 
either under vacuiun or in an argon atmosphere.
Adsorbed oxygen species fi*om contaminants and residual oxygen in the hot press can 
react finther with MoSiz to form silica and MogSiz via the reaction in equation 2 .2 . Of 
the two oxidation reactions for MoSiz discussed in § 2 .2 .2  this is themiodynamically
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feasible, but not the favoured reaction at lower temperatures. The obseiwation o f  
small, spherical MoSiz and MogSiz paiticles siuTOunded by silica shown in figure 5.1 
suggests that further oxidation o f  the powders is occum ng during processing.
The reaction to fomi more SiOz and subsequent further oxidation of the powders 
dining hot pressing can explain the amount of silica observed and the presence of the 
5-3 silicide. hi this study using the fine MoSiz powder, approximately 11 vol% silica 
was observed. Microstructuial obseiwations suggested that the MoSiz was fully 
dense. Under noiinal circumstances, hot-pressing can be expected to consolidate 
powders to densities in excess of 95% theoretical density. The microstiucture 
suggested these materials were fully dense. The processing temperatmes used of 
1550 and 1680 “C are above the softening point of amorphous silica. At these 
temperatmes the silica has softened and allowed rearrangement of the MoSiz paiticles, 
the material has effectively been viscous phase sintered, explaining the dense 
microstmctures observed. This obseiwation is confirmed by the measured density of 
the processed MoSiz being 5.80 Mg m“^ , rather than 6.24 Mg m'^, and calculating the 
density of a second phase from a rule of mixtmes gives 2.25 Mg m"^ , approxhnately 
that of amorphous silica. TEM obseiwations of the silica particles (figure 5.1) show 
that, in general, they appear at triple points and their rounded shape suggests they are 
not wetting the matrix. Electron diffraction confinned that the silica was indeed 
amorphous. Obseiwations of silica using a light microscope (figme 4.5) and with the 
SEM (figmes 4.7 and 4.8) indicate that the intiagianular particles were roughly 
spherical. This poor wetting of MoSiz by silica occurs at sufficiently high 
temperatures when the silica melts and spheroidizes, as reported by Kisley and 
Kodash (1989). At lower temperatmes it is known that silica provides an adherent 
protective scale but this change of silica fr om wetting to non-wetting MoSiz explains 
the loss of oxidation protection above 1400°C.
hicreasing the processing temperature fironi 1550°C to 1680®C had little apparent 
affect on the microstiuctural development. More abnormally large grains were 
observed, but the distiibution and amoimt of silica was essentially the same as the 
MoSiz processed at 1550 "C.
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5.5.3 The Influence of Alumina on the Microstructnre of MoSiz
The addition of alumina to MoSiz was expected to affect the microstructiual evolution 
during processing. The larger average size of the almnina powder relative to the 
MoSiz powder should potentially promote toughening of the microstructure. The 
wide size distribution of the alumina shown in figure 4.1 shows that 20% of the 
particles aie below the mean particle size of MoSiz and these finer particles 
potentially can improve creep resistance of MoSiz by pinning the matiix grain 
boundaries.
First obseiwations of the microstmctures of the composites suggest that 
agglomerations of alumina particles are distiibuted tlnoughout. Better mixing is 
needed to homogenize these materials. The divergence of the measured and 
calculated densities for these materials, shown in figure 4.12, indicates that a foiuHi 
phase that is denser than silica is forming. The more rounded shape of the alumina 
particles compared with their appearance in powder form suggests that some reaction 
or dissolution has occurred. Observations of the silica rich, aluminiiun-containing 
glass are indicative of the silica dissolving the alumina. Alumina particles are also 
surrounded with an aluminosilicate phase with the composition of mullite. SAD 
using the TEM confirmed that this phase was indeed stoichiometiic ciystalline mullite 
and that the alumina particles tended to be sunounded by one or more mullite 
crystals. This is the first instance that the fonnation of mullite in MoSiz-AlzOz 
systems has been observed in the bulk microstiucture. Previous research on these 
systems reviewed in § 2.5.4 has shown no evidence of the presence of aluminosilicate 
phases. Admittedly some of these studies were introducing an excess of aluminium 
powder to effectively react with the silica and M0 O3 to foiin alimiina, thus mullite 
fonnation is unlikely imder these circumstances.
The microstiucture is, again, fully dense with no noticeable porosity. This suggests 
that the silica has softened and allowed particle rearrangement via viscous phase 
sintering then subsequently dissolved the almnina until the composition o f  the glass 
approaches that o f  mullite. The nature o f  the alumina particles and the suiTOunding 
mullite crystals suggests that the mullite has heterogeneously nucleated at the alumina
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particle interfaces and subsequent growth of the mullite crystals has engulfed the 
particles.
The formation of this silicon rich aluminium containing glass is consistent with the 
mullite evolution observed by Davis and Pask (1972), Saruhan et al. (1996) and 
Kleebe et al. (2001); an example of this phase is shown in figure 5.12. The EDX 
spectrum shown is consistent with that observed in this study. Kleebe et al. (2001) 
Saruhan et al. (1996) and Sacks et al. (1991, 1997) reported that the amorphous silica 
crystallised to cristobalite prior to mullite formation with an Al-rich glass present at 
the interface between the cristobalite and alumina. Mullite subsequently nucleated 
from the Al-rich glass at the alumina interface. Davis and Pask observed that the 
formation of a glassy Si and A1 containing glass from which mullite nucleated was 
more favourable than the direct reaction of cristobalite and sapphire. Neither 
cristobalite nor an Al-rich glass were observed in this study, only an amorphous 
silicon rich glass, mullite and alumina.
»
0 0  OS 1 0  '  8 >0  * »  3»Enefgy [k»V]
Figure 5.12 Aluminium containing silica rich glass observed during mullite 
formation in alumina-silica powder compacts, (after Kleebe et al 2001). The EDX 
spectrum is similar to that observed in the MoSiz-alumina composites of this study.
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The EDX spectra in figure 5.13 aie those collected for the Si-rich glass particles 
shown in figures 5.2 to 5.11. It is observed that the intensity of the A1 peak is not 
constant relative to the silica peak. This suggests tliat each of the particles has a 
different composition, indeed the spectinin in (e) for the composite processed at 
1680°C has a taller A1 peak compared to the others indicating it contains more 
aluminium. Therefore, it is likely that the dissolution of alumina and diffusion of A1 
into the silica is controlling mullite nucléation and growth. Figure 5.14 illustrates the 
proposed nucléation and growth mechanism of mullite. The initial powder mixture, 
(a), consists of alumina particles distributed amongst MoSiz particles with a dual 
oxide surface layer. During tlie heating cycle, the M0 O3 reacts with MoSiz fomiing 
more silica. Once the softening point of silica is reached, (b), particle rean angement 
occurs and the dissolution of alumina begins. Close to the alumina interface the glass 
concentration is Al-rich. Once the concentration of dissolved AlzOz is high enough in 
the SiOz, (c), mullite crystals nucleate at the almnina interface and grow to smround 
the particle. With continued time at temperatiue the mullite grows outward into the 
remaining Si rich glass rmtil all the local silica is consumed, (d), or the local Al- 
source is exhausted, (e).
Figme 5.4 and 5.15 provide evidence to tliis proposed mullite formation mechanism, 
hi figure 5.4, mullite is observed adjacent to an amorphous Si-rich particle. 
Potentially a small alumina particle was initially present at this location. Complete 
dissolution of this particle enriched the glassy phase sufficiently to nucleate and grow 
the mullite crystal. The remaining amorphous particle does not contain sufficient A1 
concentration for further mullite growth. Figme 5.14 is a reproduction of figure 4.26, 
which is an SEM micrograph of the 10 vol% alumina composite previously pictmed 
with quantitative line scan data. The alumina particles have been dissolved 
significantly and are smrounded by mullite. Highlighted in red at the centr e is a 
region that the linescan data of figure 4.26 suggests that this is a silicon rich, 
aluminium containing phase. This is the residual glassy phase that has had 
insufficient time for A1 enriclmient and conversion to mullite.
I l l
Chapter 5: Transmission Electron Microscopy Analysis
(a) (b)
(c) (d)
(e)
Figure 5.13 Comparison of the EDX spectra for the Si-rich, Al-containing amorphous particles in 
figures (a) 5.4, (b) 5.5, (c) 5.6, (d) 5.8 and (e) 5.11. The intensity of the aluminium peak relative to 
the Si peak is not constant, suggesting a range of compositions for this phase.
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(a)
e
#e
Amorphous Si rich oxide
(b)
MoSi:
(c) (d)
(e)
Figure 5.14 Schematic illustration of the proposed mullite nucléation and growth mechanism, (a) 
Powder blend consists of alumina particles and oxide coated MoSij particles; (b) during heating 
the silica softens allowing particle rearrangement and dissolution of alumina begins; (c) 
Amorphous Si-rich, Al- containing phase spheroidises and nucléation of mullite occurs at the 
interface with alumina where the critical Al concentration is reached, (d) Growth of mullite 
continues until all the residual glassy phase is consumed, or (e) there is no more alumina to supply 
Al to mullite growth.
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Figure 5.15 SEM micrograph showing residual glass pockets (S, outlined in red) between mullite 
(Mu) grains (A = alumina, M = MoSi:).
The morphology of the discreet sub- micrometre mullite particles shown in figures 5.5 
and 5.8 suggest that they may have formed in a different way compared with the 
larger mullite surrounding the alumina. These discreet particles have potentially 
nucleated homogeneously within the amorphous phase once a sufficient Al 
concentration was reached. Al enrichment of discreet glassy particles can only occur 
by diffusion. Diffusion of Al through MoSi] is possible, as Al is soluble up to 
approximately 2% in MoSi] without a change in crystal structure. Only the Cl lb 
tetragonal structure was observed and not the hexagonal C40 phase. EDX analysis 
did not show any significant concentration of Al in MoSia above the background 
radiation suggesting that this is not the main diffusion path. Davis and Pask (1972) 
concluded that the diffusing species were complex Al- and Si-oxides. If this is the 
case in this study, then this could explain why aluminium was not detected in the 
matrix phase. Potentially the dissolution of alumina in the silica occurred rapidly 
during heating before the silica spheroidised. From the powder size analysis, 8% of
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the alumina particles are below one micrometre in size. Pai'ticles of this size may 
dissolve completely in the silica enricliing it sufficiently for nucléation of mullite to 
occur and retain the spheriodal shape of the original amorphous particle.
For the composites of both the 5 vol% and 10 vol% alumina additions, alumina was 
still observed in the microstructm*es. Thus these microstructures are not at 
equilibrium. This indicates that one hour" at the processing temperature is insufficient 
time for the complete conversion of alumina to mullite and that diffusion of the Al 
and Si species tlnough mullite is the rate-controlling step. The 24 hoiu annealing 
treatment in air was more than sufficient to allow almost complete conversion of 
silica to mullite. Significant oxidation precluded the use of amiealed samples for 
mechanical property testing.
In the few studies on alumina reinforced MoSi2, reviewed in § 2.5.4, the formation of 
mullite, or any aluminosilicate phases has not been reported. Yang and Jeng (1991) 
noted the absence of silica in MoSii reinforced with Saphikon™ (alumina) fibres. 
This was attributed to the reduction of silica as a result of the carbon-based binder 
used during green body fomiation. Studying the fibre-matrix interface, it was 
obseiwed that the fibres were rough as if some reaction had occun ed, although this, to 
date, has not been examined fiirther. Potentially, this attack of the fibre is a result of 
alumina dissolution at the fibre surface and the fomiation of a veiy thin mullite 
coating that has grown along the length of the fibres. The large suiface area of the 
continuous fibres would promote mullite growth along them rather than an increase in 
thiclcness of the layer.
It is expected that the obseiwed microstiuctures should impart an improvement in the 
mechanical properties of MoSii. The large composite reinforcement phase should 
potentially alter the hacture characteristics of these materials. The size and 
distribution, especially for the higher alumina additions, of the reinforcement will 
increase the probability of a crack interactmg with them. At low temperatures the 
brittle silica is likely to act as a source for flaws in the material. Removal of silica 
and replacement by a combination of mullite and alumina, both less brittle and 
stronger that silica, should improve the strength and fracture touglmess of MoSiz.
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High temperature properties should be significantly improved by the removal of the 
amorphous silica. At temperatmes in excess of 1000°C, when MoSiz exhibits greater 
ductility, the alumina and mullite should effectively pin the grain boundaiies, 
improving both the strength and creep resistance. Grain boundaiy sliding has been 
reported as the dominant creep mechanism. Silica undoubtedly contributes to this due 
to its decreased viscosity at elevated temperature and presence at gmin boimdaries. 
Although the alumina additions to appear do have a refining affect on the giain size of 
MoSiz, because the silica has been removed and replaced by mullite, it is expected 
that creep will be much improved.
5.6 Summary
Chemical and microstmctinal analysis of hot-pressed MoSiz has shown that silica is 
inlierently present in these materials consolidated fi'om powders. Unless exceptional 
care is taken to clean the powders prior to use and continued handling in an inert 
atmosphere or vacuum is performed, silica content is imavoidable. Carbon 
contamination or infiltration is beneficial in reducing the silica content by fomiing 
Sic. Previous studies have shown a large weight loss that has been associated with 
gaseous by-products of the reaction of carbon with silica leading to potentially 
trapped porosity or materials slirinking significantly relative to the die dimensions.
It is apparent that the silica acts as a lubricant eaily on during processing, probably 
during the heating cycle and early on once the pressure has been applied. This allows 
particle reanangement, which accoimts for the fully dense microstructiues observed. 
The obseiwed moiphology of the silica particles suggests that at the processing 
temperatures used, silica no longer wets MoSiz and spheroidises.
Although beneficial to densification, it is expected that silica is detrimental to both the 
low and high temperature properties. At low temperatures the brittle nature of silica 
may act as a source for flaws. At high temperatmes, the softening of silica will 
ultimately limit the strength and creep resistance of MoSiz.
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At the simplest level, alumina additions have a refining effect on the matrix 
microstmcture. Chemical and stiuctural analyses have shown that the almnina is 
reacting with the silica forming ciystalline stoichiometric mullite. Associated with 
the mullite fomiation is the observation of a silicon rich, aluminium containing, 
amoiphous phase. Dissolution of the alumina, heterogeneous nucléation and initial 
gi'owth of mullite at the aliunina interface must occui* rapidly but there appears not to 
be an orientation relationship between alumina and mullite. Continued growth of 
mullite would appear to be controlled by the rate of diffusion of Al and Si species 
tlirough the mullite. A significant post-processing heat treatment is required to 
complete the transformation of all the silica to mullite. The morphology of the 
alumina and mullite is, to some extent, consistent with that reported in the literature. 
The probable nucléation and growth mechanism obseived in this system has been 
discussed.
The microstructures observed in the composite materials are expected to show an 
improvement in both the low and high temperature mechanical properties. The size of 
the mullite/alumina particles is large enough to potentially alter the hacture 
characteristics of MoSiz. At elevated temperatures, the removal of silica and 
replacement by mullite are expected to improve the strength and creep resistance.
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Mechanical Behaviour of MoSiz and 
MoSiz -  AlzOs Composites
6.1 Introduction
This chapter will report on the mechanical behaviour of MoSiz and the MoSiz-AlzOs 
composites. Initial propeity characterisation was achieved using indentation methods to 
obtain hardness and fracture touglmess values. Fracture toughness was further 
characterized using the double cantilever beam technique. Room temperature bend 
strength was measured to evaluate the effect of the reinforcement on the mechanical 
properties of MoSiz.
6.2 Hardness and Indentation Fracture Toughness
6.2.1 Background Theory
The significance of hardness, or the response of a material to a localised load from a 
blunt or shaip indenter, was examined as early as 1881 by Hertz who studied the elastic 
contact between two curved glass bodies and described the conical crack that formed 
around the contact circle above the critical load shown in figure 6.1 (a).
CuiTent indentation fracture techniques tend to use a shaip indenter, usually a diamond, 
which leaves a peimanent residual impression and, if  the load is sufficiently high, causes 
one or more crack systems to develop.
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The use of a Vickers diamond to produce crack systems in brittle materials, from which 
the fracture toughness can be estimated, has been studied extensively. The Vickers 
hardness tester consists of a square based pyramid diamond with an included angle of 
136°. It is pushed into the surface of a material under a given load. The crack systems 
that develop during indentation are a function of both the loading and unloading 
procedure. The resultant crack geometries that may develop are shown in figure 6 .1.
(B) Radial (C) Median(A) C one
(D) Half-penny (E) Lateral
(F)
i  r
Figure 6.1 (A-E) Isometric sections of idealised crack morphologies observed at indentation 
contacts (after Cook and Pharr, 1990). (F) Geometric parameters of the radial crack system 
used to calculate hardness and indentation fracture toughness (after Lawn, 1993).
With reference to figure 6.1, as loading begins, the sharp indenter produces an elastic 
then a plastic deformation zone. Once a threshold load is reached, stress induced flaws 
below the indenter develop into median cracks (C) forming on planes parallel to the 
loading axis. Radial cracks may also develop (B), emanating from the comers of the 
plastic indentation zone. Upon unloading it is believed that the median and radial cracks 
grow and coalesce to form a half-penny type crack system (D). Once the indenter is 
nearly fully unloaded, lateral cracks (E) initiate near the base of the deformation and
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grow outwards. By measuring the length of the median-radial crack system, in 
association with the size of the deformation zone and indentation load (parameters shown 
in figure 6.1  (F)) the indentation fracture toughness can be estimated.
It has generally been observed that for low indentation loads four radial cracks (B), 
known as Palmqvist cracks, may form and not develop into the full median-radial system. 
Crack system (B) and (F) look similar when viewed from the surface, so care must be 
taken when performing indentation fracture toughness testing that the conect equation is 
used for the crack system obseiwed. Once a threshold load is reached the expected fully 
developed crack system is essentially two half-penny cracks extending along and beyond 
the diagonals of the indentation, with the diameter of the cracks equal to the total length 
observed. Sub-surface lateral cracks also form. These lateral cracks may surface, 
resulting in large areas of the material falling away and making measurement of the 
indentation and median-radial crack system difficult.
6.2.2 Experimental Details
Microhardness testing using loads below 1 kgf was perfoimed using a Leitz Wetzlar 
Miniload hardness tester. Hardness and indentation fracture toughness testing were 
carried out using an Indentec Vickers hardness testing machine using loads of 2.5, 5, 10 
and 20 kgf. High loads were used so that the properties of the macrostructure were 
measured rather than smaller areas or even individual crystals. Five indentations were 
made at each load. Hardness was calculated using the following equation for brittle 
materials:
1 2 0
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where P was the indentation load, and a is half the diagonal length of the indentation. 
Measurements were made for both diagonals to ensure that the impression was square 
and the mean hardness value for each indentation recorded.
Indentation fracture toughness testing was used to estimate the touglmess of the 
monolithic MoSiz and of the composite material. The cracks emanating from the 
indentation were sufficiently long to suggest that a well developed radial-median crack 
system had formed, similar to that illustrated in figure 4.1 (F). Many equations have been 
developed to evaluate the toughness of a material from indentations. These have been 
reviewed by Ponton and Rawlings (1989) and Liang et al (1990). As a result of these 
reviews, the equation of Anstis et al (1981) was deemed appropriate for the 
deteimination of the indentation fr acture toughness, as follows:
IC;f =0.016 E
x I / 2
V ^ V  J
6.2
where E is the elastic modulus, H is the hardness, P is the indentation load and c is the 
median crack length. This equation has boundaiy conditions, with the lower limit being 
c>2a to ensure that the median-radial system has formed rather than the Palmqvist crack 
system. The upper limit being that the crack length must not exceed one-tenth of the 
specimen thiclcness and that chipping has not occurred. The main disadvantage of 
indentation fracture toughness testing is that the material is overstressed and the crack 
grows and approaches Kc from a higher K condition, whereas in more conventional 
fracture toughness tests the stress is increased until Kc is reached. This can lead to cracks 
propagating further than normal. The indentation procedure is not strictly mode I 
loading, thus the value of the critical intensity factor recorded is not necessarily 
equivalent to Kic for the material in question.
For reference, table 6.1 lists the key mechanical properties of the constituent phases of 
the composites being tested. The composite elastic modulus was estimated using the
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modified Tsai-Halpin model for composites with discontinuous particle reinforcement. 
This model predicts the elastic modulus of the composite, Ec to be:
E„ = E„,(l + 2sqVj l-qV „ 6.3
with
/E .^
_  J
-1
6.4
+ 2s
where Em and Ep are the elastic modulus of the matrix and reinforcement respectively, s 
is the aspect ratio of the particle reinforcement, taken to be «1 for equiaxed particles and
Vp is the volume fraction of the reinforcement.
For indentation fracture toughness testing, the elastic modulus of the composites was 
estimated using equation 6.3. It was assumed that the elastic modulus for hot-pressed 
MoSiz includes the contiibution made by silica. The composites were assumed to be a 
two-phase material consisting of MoSiz and alumina.
Table 6.1 Reference data of selected mechanical properties of the 
consitituent phases.
Material Vickers Hardness, kgf mm’^
Elastic Modulus, 
GPa
Poissoii’s
ratio
HP-MoSiz 950' 380^ 0 .1573
a-alumina"* 1800 403 0.234
Silica 550f 70* 0.168*
Mullite 700" 229* 0.280*
Ledbetter et al, 1998;  ^Gong et al, 1999.
1 2 2
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6,2.3 Hardness of MoSiz and MoSiz-AI2O3 Composites
For a true measurement of hardness no cracking should be associated with the indentation 
procedure, which is predominantly the case with metals. However, brittle materials such 
as ceramics and intermetallics use the energy supplied by indentation by fracturing as 
well as deforming plastically. In order to produce an indentation without any associated 
radial cracking in the MoSiz, loads of around 100 gf or less were required. The sizes of 
the indentations from a 100 gf load were typically around 10 pm, which is on a similar 
scale to that of the matrix grain size and the silica particles. Thus, the hardness of only a 
few individual ciystals was being measured rather than the microstructure that was 
representative of the whole material. When using a higher load, the proportion of energy 
consumed in the propagation of cracks is small, however, relative to that required for the 
plastic defoimation zone and this disadvantage is off-set by the indentations being larger 
and thus the subsequent measurement accuracy is improved. When using too high a load, 
though, it becomes difficult to discern the corners of the indentations as sub-surface 
cracks tend to emerge causing chipping.
Table 6.2 shows the variation of Vickers hardness with indentation load for MoSiz. From 
this table it can be seen that the hardness decreases with increasing load. For the very 
low loads this could be attributed to measurement eiTors when the indentation diagonal is 
very small and the associated eiTors will be significant. Nevertheless, many brittle 
materials show an indentation size effect in that the hardness increases as load decreases. 
Figure 6.2 displays an indentation size effect (ISE) plot for the hot-pressed MoSiz. 
Plotting a line of best fit and calculating the gradient of the slope an indication of the 
indentation size index, n, is obtained. The value of n should be 2 if hardness is not a 
function of indentation load. For MoSiz the value of n was calculated to be 1.87, 
indicating that hardness will decrease with increasing load. This value is within the range 
of ISE indices (1.74 to 1.98) recorded for a number of ceramic materials by, amongst 
others, Gong et al. (1999).
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Table 6.2: Variation of Vickers hardness with load for MoSiz (s.d. is 
standard deviation).
Indentation 
Load, P (kgf)
Mean Indentation 
Diagonal, 2a, ± 0.5 pm
Vickers Hardness 
± 1 s.d. (kgf nim'^)
0 .2 16.5 1343 ±70
0.5 28.0 1170 + 49
2.5 64.0 1141 + 15
5 95.5 1021+34
10 136.0 1006 + 27
Similarly, the composites showed an ISE, the results of the hardness tests are shown in 
table 6.3. From ISE plots for these data, also shown in figure 6.2, the composites have 
values of n in the range of 1.89 to 1.91. Within experimental errors, the ISE index for the 
composite materials is not significantly different to that for the monolithic material.
Table 6.3 Variation of Vickers Hardness (Hy, kgf mm’^  ± 1 s.d.) with load for the 
composite materials. Indentation diagonal, 2a, measured in pm.
C om p
vo l%
AI203
5 10 15 20
p 2a Hv 2a Hv 2a Hv 2a Hv
0.2 16.4 1386 +  64 16.2 1 4 2 1 + 1 0 2 15.4 1578 +  99 15.6 1510 +  116
0.5 27.4 1249 +  63 25.8 1396 +  54 25.6 1383 +  117 25.4 1 4 3 8 + 7 5
2.5 61.5 1234+49 61.5 1234 +49 59.5 1303 +35 57.5 1409 + 1 2 5
5 8T 5 1220 +  90 85.0 1289 +  106 82.5 1365 +  81 82.0 1 3 8 0 + 4 3
10 132.0 10 6 7 + 2 1 129.5 1107 +  38 125.5 1181 + 2 0 124.5 1 1 9 4 + 4 6
Table 6.4 and figure 6.3 report the Vickers hardness for an indentation load of 10 kgf for 
the composites manufactiu’ed at 1550 ®C and 1680 °C. For both sets of materials the
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hardness increases with increasing alum ina content as would be expected. The sam ples 
hot pressed at a higher tem perature have a marginally lower hardness than those hot 
pressed at the lower tem perature. This could be due to more m ullite being present in the 
m icrostructures at the higher tem peratures, considering that mullite has a lower hardness 
than alum ina (see table 6.1 ).
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Figure 6. 2 Indentation size effect plots for MoSiz and MoSiz-AljOa composites suggest that the 
measured hardness decreases as the indentation load increases.
T ab le  6.4 Vickers hardness results for 10 kg f indentation load.
Composition 
(vol% AI2 O3 )
Vickers Hardness kgf mm'^
HP-1550 HP-1680
0 1033 ± 2 4 1006 ± 2 7
5 1 1 3 0 ± 1 7 1067 ±21
10 1215 ± 3 3 1107 ± 3 8
15 1231 ± 2 5 1181 ± 2 0
2 0 1259 ± 2 8 1194 ± 4 6
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6.2.4 Indentation Fracture Toughness Results
Indentation fracture toughness was detemiined from cracks emanating from the comers 
of Vickers hardness indentations, as previously described in § 6.2.1. Suitable median- 
radial crack systems fomied for loads of 2.5 kgf and higher. Below this load, the cracks 
were not sufficiently long enough for the boundary conditions set out by Anstis et al. 
(1981) of c > 2a to apply. The results are summarized in table 6.5 and figure 6.4 (a) for 
indentation loads of 10 kgf. The directions of the indentation cracks are denoted by a 
subscript 1 for cracks parallel to the pressing direction and a subscript 2  for cracks 
peipendicular to the pressing direction as illustrated in figure 6.4 (b).
Table 6.5 Indentation fr acture toughness results for 10 kgf load.
H P- 1550 H P - 1680
v% E, 2 ci, 2 C2, Kcr"'", Kc2'"", 2 ci, 2 C2, Kc2*"",
AI203 GPa pm pm MPa ni’" MPa pm pm MPa MPa m*“
0 380 484 ±  46 484 ± 39 2.6 + 0.4 2.5 ± 0 .3 578 ±  161 403 ±  24 2.1 ± 0 .7 3.4 ± 0 .4
5 381 520 + 47 394 + 60 2.3 + 0.6 3.3 ± 0.2 462 ± 1 7 370 ±  28 2.7 ±  0.2 3.8 ±  0.4
10 382 490 ±  57 426 ± 71 2 .3 +  0.1 2.8 ±0.1 474 ± 4 0 403 ± 1 3 2.6 ± 0 .3 3.3 ±0.2
15 383 456 ± 86 438 + 14 2.5 ± 0 .2 2.7 ± 0 .1 437 ± 19 369 ±  18 2.8 ±  0.2 3.6 ±0.2
2 0 384 4 1 1 + 9 0 392 +25 2.9 ± 0.2 3.2 ± 0 .2 491 ± 3 0 355 ± 1 9 2.4 ±  0.2 3.8 ± 0 .3
There is a degree of anisotropy in the indentation fracture toughness results because of 
the hot-pressing. The measured fracture toughness is higher parallel to the pressing 
direction and the degree of anisotr opy is greater for the specimens processed at the higher 
temperature.
These data suggest that in general there is a marginal increase in the fracture toughness 
with increasing alumina content, although the spread of the data for any particular 
composition is quite wide. Examining the data more closely there is a drop in fracture
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toughness above 5% alum ina followed by an increase up to 20 vol%  which could be 
related to changes in the microstructure.
Indentation Fracture Toughness Results
4 .5
4 0
3.5
3.0
2.0
* - HP-1550 1I— 
-«-HP-1550 2 
««-HP-1680 1 I 
.  HP-1680 20.5
0.0
20
(b)
2c2
2c1 2a 1
Figure 6. 3 (a) Indentation fracture toughness results for 10 kgf indentation load for the two sets 
of composites hot pressed at different temperatures. Results show anisotropy in relation to the 
pressing direction indicated in (b) but generally indicate a marginal increase in fracture 
toughness with increasing alumina content
Studying typical m icrographs o f  the crack-particle interactions (figure 6.5) for MoSi? it 
can be seen that both inter- and trans-granular cracking o f  the m atrix is observed 
(indicated in the inset by 1 and T respectively). Cracks tend to deflect around the silica
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Figure 6. 4 Light micrograph of 10 kgf indentations and crack interaction in 
MoSiz 11 = intergranular fracture; T = transgranular fracture; B = branching.
particles and occasional crack branching is observed (B). Toughening by the silica 
appears to occur through crack deflection and occasional crack branching. The matrix 
m aterial appears to predom inantly fracture in a trans-granular fashion, suggesting that the 
grain boundaries have a significantly higher energy requirem ent for fracture than the 
individual crystals. Unless the fracture behaviour o f  m onolithic MoSiz can be altered by 
alloying, there is little anticipation o f  significantly increasing the fracture toughness o f  
MoSiz based materials.
For the com posite materials, using the 20vol%  alum ina com posite as an exam ple (figure 
6 .6) cracks tend to propagate through or follow the boundary o f  the interface o f  the 
reinforcem ent and the matrix within the reinforcem ent. The m atrix still exhibits both 
inter- and trans-granular fracture. Bearing in mind the m icrostructures observed in § 
4.4.3, the reinforcem ent particles actually consist o f  an alum ina core surrounded by 
m ullite. With the cracks appearing to fracture ju st inside the matrix particle interface this 
would be indicative o f  the cracks follow ing the interface between alum ina and mullite.
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Figure 6. 5 Light micrograph of 10 kgf indentation and crack interaction in IVioSi2-20vol% AI2O3
Figure 6.7 shows indentation cracks in the 10 vol%  alum ina com posite, w here both silica 
and alum ina/m ullite particles are present. Crack propagation shows a m ixture o f  the 
processes exhibited in the previous examples.
Indentation fracture toughness testing over a range o f  loads from 2.5 kg f to  20 kg f on 
early specim ens hot-pressed at 1550 °C suggested that there was a degree o f  rising 
fracture toughness with increasing crack size. Figure 6.8 dem onstrates this phenom enon 
o f  R-curve behaviour for m onolithic and 20vol%  alum ina -  MoSiz materials. The 
associated errors (one standard deviation o f  the results) are large, but plotting a line o f  
best fit for the mean data suggests that both m onolithic and com posite m aterials exhibit 
R-curve behaviour. Evidence o f  crack deflection and branching, both toughening 
m echanism s that were reviewed in § 2.5, observed in these m aterials suggest that 
potentially they will exhibit a small degree o f  R-curve behaviour. Thus, to evaluate the 
fracture toughness and exam ine w hether R-curve behaviour is present in these materials a 
more appropriate test was required.
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100 LimI m m m
Figure 6. 6 Light micrographs of 10 kgf indentation and crack interaction in 
MoSi2-10vol% AI2O3. B = crack branching; T = transgranular fracture; D = 
crack deflection.
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Figure 6. 7 Indentation fracture results for loads of 2.5 kgf to 20 kgf suggested these materials may 
exhibit a degree of R-curve behaviour.
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6.3 Double Cantilever Beam Fracture Toughness Testing
6.3.1 Theory
The double cantilever beam  (DCB) configuration is show n in figure 6.8. It is assum ed 
that the specim en is sym m etrical about the m edian plane and is equivalent to a pair o f  
opposed identical cantilever beam s and the length o f  these beam s increase as a crack 
propagates betw een them . From bending theory, the bending point can be related lo 
tiie energy required to cause the crack to propagate an infinitesim al am ount. I he 
dom inant assum ption is that the cantilever beam s are built into a rigid support, 
therefore all elastic energy is contained in the crack length region, neglecting an \ 
strain energy due to shear and the strain energy in the uneracked part o f  the specim en 
(Ciillis and G ilm an, 1961 ).
P
P
Figure 6. 8 Double cantilever beam specimen geometry.
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6.3.2 DCB Sample Preparation
Sam ples for double cantilever beam  testing were prepared by initially hot-pressing 8-9 
mm thick discs o f  each com posite. These w ere subsequently sliced into three 2 m m  thick 
disks and cut to form cuboids o f  nom inal dim ensions 2 x 22 x 12 m m , as illustrated in 
figure 6.9, and all surfaces w ere polished to a 40 pm  finish.
Dim ensions in mm
Figure 6. 9 Schematic illustration of the sectioning of the hot-pressed discs to produce both 
bend test specimens and DCB specimens.
To guide the advancing crack front along the length o f  the sam ple a groove w as cut along 
the centreline to leave a central thickness o f  1 m m  and a w idth o f  approxim ately 4 mm. 
This necessitated the design o f  a specim en holder specifically for this purpose. The 
design, w hich is show n in figure 6.10, enabled the sam ple to be gripped so that the 
groove could be cut into it using a large diam ond cu t-off wheel. The M oSi] m aterials 
w ere grooved to a depth o f  0.5 m m  on each side. Tw o adjacent passes o f  the cutting 
wheel w ere required to get the desired width. Final finishing o f  the grooves was carried 
out using a rotary tool, firstly fitted w ith a small diam ond im pregnated grinding ball to
132
_____________Chapter 6 : Mechanical Behaviour ofMoSi2 and MoSi2 — AI2O3 Composites
remove any ridges, and secondly polished to a 1 pm finish using successively finer 
diamond pastes with a brass polishing wheel of width 2 mm and diameter 12.5 mm.
Adj Listment c e n tre d  on 12 mm 
12 -00 mm
O
x n i
n r
.00 mth o 30.00
■96.00 mnr
3 .00 mmJ
65 .00
Figure 6.10 Specimen holder design to enable machining of groove in the DCB samples using a large 
circnlar saw.
Loading of the DCB specimens was made possible by attaching brass end tags to one end 
of the specimen using a high strength two-pack adhesive. These end tags had a lap joint 
configuration similar to those previously used successfully by Trusty (1995), who also 
showed that these end tags did not affect significantly the fr acture behaviour of the DCB 
specimens.
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To provide a crack initiation point, a narrow notch was cut into the grooved portion of the 
specimen. The specimen was tilted in relation to the blade so that an angle notch could 
be cut. This would supply a thin wedge of material from which a crack could initiate and 
grow until it reached the full thickness of the grooved region of the specimen. Trusty 
(1995) successfully used this method to prepare DCB samples, thus avoiding a more 
labour intensive indentation technique to initiate cracks used by Rodel et al. (1990).
6.3.3 Experimental Method
DCB testing was earned out in an Hitachi S-4000 SEM using a straining stage built in- 
house. Modification and testing of the straining stage needed to be undertaken as part of 
this project, the details of which can be found in the appendix. In essence, the straining 
stage is of a light weight construction and fitted with a 450 N load cell. The stage is 
computer controlled and the computer also records the load and extension.
Samples were inserted into the grips of the stage and held in place by two pins. The stage 
was inserted into the chamber, and the microscope allowed to pump down to a suitable 
vacuum before commencing the experiment. Once the correct vacuum level had been 
achieved the microstiucture along the groove was investigated. The length of the groove 
and subsequent cracks could be measured by using the stage displacement controls. 
Samples were oriented such that crack growth would occur vertically up the imaging 
screen. The specimen was loaded up to the point of crack initiation at a speed of 0.03 
mm/min. If the sample exhibited R-curve behaviour, crack opening and propagation 
were to be monitored by stopping the motor after each propagation step and measuring 
the crack length and coiTesponding load.
Fracture toughness was calculated using a modified fomi of the standard DCB equation 
to account for the cential groove in the test specimen.
The standard DCB equation for an untapered and ungrooved specimen is:
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K, = 2 Vs Pcbh 3/2 1 + 0.7k c ; 6 .5
where all symbols are defined in figure 6.8 and d = 2h.
This equation needs to be modified to take account of the groove. The following 
derivation is concerned with the first part of the equation containing the variable b. 
Considering the grooved beam shown in figure 6.11 (a), the deflection of the beam, Ô, is:
5 = Pc'3EI 6.6
Compliance of the system, C, is:
p 6.7
and substituting for deflection from equation 6.6 into the equation for compliance gives:
C = 2c'3EI 6.8
The strain energy release rate, G, for the webbing bn is:
G = P- dC 2b.. dc 6.9
Differentiating 6.8 gives:
dC _ 2c  ^
dc El 6.10
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and substituting for —  in equation 6.9 gives: dc
2 „ 2
G P"cElb. 6.11
K is related to G in plane sti'ess by the equation:
K = VËG 6.12
Substituting for G gives:
2„2
K fP'cIb. 6.13
This equation for K becomes the first term in the equation for evaluating the fracture 
toughness for a giooved untapered specimen:
K = Pc 1 + 0.71 -oJ 6.14
where the second moment of area, I, for the cross-section of the grooved specimen shown 
in figure 6.11 (b) is given by:
6.15
and the distance fr om the edge of the beam to the neutiul axis of the section, y  , is given 
by:
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-^ ^ 72  + b„h„h + b„h72
bh + b„h„ 6.16
b
y
Figure 6.11 (a) Geometry of grooved DCB specimen, (b) Cross-section of the sample used to 
determine the second moment of area the DCB specimens.
137
_____________Chapter 6 : Mechanical Behaviour ofMoSi2 and MoSi.2 ~ AI2O3 Composites
6.3.4 Results
Due to the difficulty in manufacturing specimens because of their inlierent brittleness, 
only one sample for each composition was tested. Double cantilever beam testing of 
MoSii and the MoSi2 composites, resulted in all specimens failing by fast fracture and no 
stable crack growth was obseiwed, suggesting tliat these materials have a single value 
fracture toughness. Table 6.6 summarises the results of the DCB tests.
Table 6.6 DCB test results.
Composition 
(voI% AI2O3) Notch Length (± 0.005 mm) Kic(±0.1 MPa m^ /^ )
0 5.14 3.3
5 4.58 3.1
10 4.04 2.8
15 5.17 3.4
20 5.12 3.0
These results suggest that the fiacture toughness is not improved by adding alumina to 
MoSii. Examining the microsti'uctures of the samples, figure 6.12 (a) shows the 
microsti’ucture ahead of the notch. This consists of silica particles distributed in the 
MoSii matrix. Figure 6.12 (b) illustrates the fracture profile after testing, where the crack 
has propagated almost linearly with little deflection. Examining the fracture surface in 
(c) it is observed that the fiacture is predominantly trans-granular. Figure 6.12 (d) shows 
that the silica particles are both inter- and intra-granular but do not appear to alter 
significantly the fiacture path of the advancing crack.
In figure 6.13 (a), the DCB specimen of the 20vol% alumina composite, very low angle 
deflection is obseiwed. In (b) it is observed that the reinforcement does little to cause the 
crack to deviate from its essentially linear path. Figure 6.13 (c) and (d) illustrate that 
fracture is still predominantly intia-granular, although there are fewer particles observed 
within the matrix ciystals. Observations fiom the other compositions tested are
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essentially identical, suggesting the toughening effect of alumina and mullite is similar to 
that of the silica.
Figure 6. 12 (a) Microstructure ahead of the notch on the MoSij DCB specimen; (b) profile of the 
fracture after testing, note that little deviation of the crack occurs; (c) fracture surface of the 
specimen showing predominantly trans-granular fracture of the matrix; (d) higher resolution image 
showing the presence of intra-granular silica particles.
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H
Figure 6. 13 DCB specimen of MoSi2-20vol%AlzO3 (a) fractured sample shows little deflection of the 
crack; (b) closer examination of the profile shows the crack has propagated through the 
reinforcement phase; (c) and (d) fracture surface suggests that fracture is predominantly intra- 
granular, regardless of the phase.
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6.4 Bend Strength
6.4.1 Experimental Details
Bend test samples were produced to ASTM standards, designation: C 1161. Bend 
specimens of dimensions 1.5 x 2 x 25 mm were cut from the hot pressed samples as 
illustrated in figure 6.9. The tensile face of the specimens was polished to a 1 pm finish 
using a similar polishing schedule to that given in § 3.5.2. All long edges were 
chamfered at 45°.
Samples were loaded into a three-point bending rig with an outer span of 20 mm and 
loaded at a rate of 0.2 mni/min until failure. The maximum load at failure, P, and beam 
deflection, 8, were recorded, from which the sample strength, a, was calculated using the 
following equation:
" I f
and the elastic modulus in bending, Ey, was estimated using the following equation:
where L is the bend span and b and d are the samples breadth and depth, respectively.
6.4.2 Results
The results of the bend tests are shown in table 6.7, Figure 6.14 displays these results of 
the three-point bend tests in terms of sti'ength and elastic modulus in bending for a 
minimum of five specimens of each composition processed at 1680 °C. In general, there 
is a small decrease in bend stiength, but, within the standard deviation of the results, the
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Table 6.7 Bend test results for strength and estimate of elastic modulus.
Composition Bend Strength, MPa
Elastic Modulus, 
GPa
Number of 
samples
0 556 ± 56 233 ±35 8
5 522 ± 47 344 ±221 5
10 508 ± 67 285 ±42 6
15 503 ±49 289± 115 7
20 522 ±26 208 + 13 5
Strength and Elastic Modulus in Bending
0.
O)c£
Mean Strength 
Mean Modulus
5 10 15
vol%added alumina
20
Figure 6.14 Graph showing the bend strength and estimate of the elastic modulus 
for the compositions manufactured. Error bars are one standard deviation of the 
results.
strength is relatively unchanged. Examination of the fracture surfaces of the samples 
showed that the fracture was predominantly intra-granular. These bend strengths are 
significantly higher for MoSi] based materials than has been previously reported in the 
literature. Costil et a l (1997) reported bend strengths ranging from 380 to 470 MPa for 
alumina platelet reinforced MoSi]. Most studies tend to have used the larger specimen 
size with a 40 mm bend span. It is feasible that good sample preparation has ensured that 
all major surface flaws have been removed and that bulk flaws are small because of the
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near full density of the samples. This, in conjunction with the smaller sample size used in 
this study, could lead to the higher obseiwed strength.
The data for the elastic modulus in bending were used as a guide to observe whether or 
not there was any significant change in the modulus with increasing alumina content. 
Potentially, the elastic modulus should decrease as the alumina is converted to mullite. 
Although, coupled with the mullite formation is the removal of silica, which has the 
lowest elastic modulus of the constituent phases. The results show a wide scatter due to 
the difficulty in measuring such small deflection distances and the sample size was too 
small to allow the use of an extensometer. The compliance of the test equipment was not 
known, but it assumed to be constant considering the elastic modulus of the compositions 
being tested was not expected to be significantly different, thus the obtained results can 
be compared. The results suggest that the elastic modulus stays relatively constant, 
altliough they are approximately 100 GPa lower than expected. This suggests that the 
hend of the elastic modulus from the Tsai-Halpiri model used to calculate the indentation 
fracture toughness is reasonable. The assumption that the elastic modulus does not 
change significantly is in agreement with Costil et al. (1997) who investigated up to 70 
vol% alumina platelet reinforced MoSii. They measured the elastic modulus using a 
resonant frequency technique and observed that there was little variation for a measured 
modulus of approximately 385 GPa in composites up to 25 vol% alumina.
The flaw size from which failure occruTed can be estimated using fiactrrre mechanics. It 
is loiown that the Griffith criterion can be written in terms of a stress intensity factor, K:
K = crV7tC'f —1 6.19
where f(c/w) is a dimensionless parameter which depends on the geometry of the crack 
(of length c) and the sample (of width w). It is believed that the flaw size will be 
negligible compared with the width of the sample (c«w ), thus f(c/w) will tend to unity. 
At the failure str ess, Gc, the str ess intensity factor has reached its critical value:
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Kp 6.20
By reaiTanging this equation for c, and taking the fracture toughness results from the 
DCB tests the initial flaw size in the materials can be estimated from the bend sfrengths. 
These estimates are displayed in table 6.8. These data suggest that the flaw size from 
which catastrophic failure occurs is in the region of 10 pm. This dimension is of a 
similar scale to the larger microstructural features such as the alurnina-mullite regions 
and is approximately twice the size of the matrix gr ain size.
Table 6.8 Estimate of flaw size fr om which failure occun ed in bendirrg.
Composition Flaw size, c, pm
0 11
5 11
10 10
15 15
20 11
6.5 Discussion of Microstructure ■ Mechanical Properties 
Relationships
The room temperature mechanical properties of molybdenum disilicide have not been 
significantly altered by the addition of alumina. The bend strength and fracture 
toughness have stayed relatively constant suggesting that the in situ formed mullite is 
niether degrading or improving the low temperature properties and has a similar influence 
on the properties as silica.
Hardness testing over a range of loads indicated an indentation size effect. Wade and 
Petrovic (1992a) concluded that hardness was independent of load, although their results
144
_____________Chapter 6: Mechanical Behaviour o f MoSi2 and MoSi2 — AÎ2O3 Composites
of hardness do, in general, decrease marginally with increasing load, suggesting an ISE 
index in the region of 1.9. Reported hardness results were lower than for this study, but 
can be explained by the differences in grain size. The mean grain size in the study by 
Wade and Petrovic was 18 pm compared with 5 pm in this study. Observations of 
cracking from indentation fracture toughness and DCB testing in the present study 
indicate that MoSi2 is brittle and fractured predominantly in a transgranular fashion. 
Silica particles in the monolithic material occasionally resulted in crack deflection around 
these parfrcles. Similarly, Wade and Petrovic estimated that trarrsgranular fracture from 
indentations accounted for approximately 75% of the radial crack lengths. They 
suggested that the crystal cleavage planes are weaker than the grain boundaries. The 
anisotropic and layered Cl lb structure of MoSi2 (figure 2.2) has a large c/a axial ratio, 
which could generate residual anisotropic stresses after cooling from the processing 
temperature. The possible existence of low energy cleavage planes in MoSi2 would 
explain the predominantly transgranular fracture observed.
hi a subsequent study, Wade and Petrovic (1992b) investigated the effect of processing 
temperature on hot-pressed MoSi2. They observed that, in general, both the hardness and 
fracture toughness decreased with increasing processing temperature. Also the
percentage of transgranular fracture from indentation cracks increased. The main
influence on the microstmcture was an increase in the matrix grain size. Distribution and 
size of the silica was unaffected. These observations are in agreement with those of this 
study. With a larger grain size and cracks following weak cleavage planes, there are less 
intersections of a crack with gr ain boundaries for a given propagation length. Interaction 
of a crack at grain boundaries is likely to contribute to any toughening effect. If there are 
less of these instances, then the reported touglmess will indeed be lower.
hi both these studies by Wade and Petrovic (1992a and b) no anisotropy was observed in 
the fr acture toughness as a result of the direction of the applied load during hot-pressing, 
unlike this study. Wade and Petrovic hot-pressed their samples for 15 minutes at 32 MPa 
compared with one hour at 35 MPa used here. The longer time used in this study could 
have allowed sufficient time for particle rearTangenient to form a preferi'ed orientation of
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the crystals. Potentially, the pressure has also caused the silica to be effectively squeezed 
out from the grain boundaries more in one direction than the other and this is affecting 
the fracture behaviour.
In the composite materials, cracking through the matrix was, again predominantly 
transgranular, suggesting that the weak cleavage plane theory in MoSi2 still applies. 
When a crack interacted with the reinforcement phase, it tended to fracture in the 
reinforcement but follow the particle-mafrix boundary suggesting that the region between 
the mullite and alumina was a preferred fracture path. Residual themially induced 
str'esses are likely to be present in the materials due to the nature of the processing.
It is known that the inclusion of second phase particles in a brittle matrix gives rise to an 
internal str ess field when materials are cooled from the processing temperature if the two 
phases have different thermal expansion coefficients. Assuming that a single spherical 
inclusion is embedded in an infinite, flawless matrix and that there is no stress relaxation 
during cooling down from the processing temperature, the residual outward stress, or, at 
the particle-matrix boundary can be expressed as (Seising, 1961):
. AaAT
" (l + v J /2 E „ + ( l-2 v J /E ^
where the subscripts m and p stand for matrix and particle, respectively, Aa = am - ap is 
the difference in the coefficients of thermal expansion (GTE), v is the Poisson’s ratio, and 
AT is the difference between the temperature of the stress-fr ee state (usually assumed to 
be the maximum temperature) and the temperature of interest, i.e. AT = Thot-press - T,-oom- 
In this case, AT = 1680-20= 1660 “C.
When Aa > 0 the matrix is placed in tension and the particles in compression. In this 
case, pre-exiting cracks can be attracted to the particle/matrix interface. Furfhermore, if 
the particle size is larger than a critical size, it will result in radial cracks at, or in vicinity 
of, the particle/matrix interface. The critical particle size, dc, after Davidge and Green
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(1968), can be calculated from:
d„ = 8IC,(<Jr)1(1 + vJ + 2 ( e .„/e J i - 2 vJJ 7.2
Therefore, to preserve a high strength in a particulate composite, it is necessary to keep 
the second phase particle below a critical size. Toughening may be achieved in 
particulate composites where a strongly bonded particle is under a slightly compressive 
stress.
When Aa < 0, residual tension exists in the particles and residual compression exists in 
the matrix. A compressive interfacial hoop stress develops around the particle. This 
causes the crack to be deflected away and bypass the particles.
The graph in figure 6.15 and table 6.9 provide the pertinent data for the CTE calculations. 
From the graph it can clearly be seen that MoSiz and alumina have very similar thermal 
linear expansion, whilst mullite has a lower thermal linear expansion and fused silica 
shows very little change with temperature.
Table 6.9: Coefficient of thermal expansion data for the observed phases between 20 and 
1680°C.
Phase CTE (X  10'^°C'^)
MoSiz' 8.1
Alumina^ 8.0
Mullite'^ 5.6
Silica^ 0.5
' Touloukian (1977); IVIuzdiyasni and Brown (1972)
The expected interfaces from the microstructural observations are silica in a MoSia 
matr ix, mullite in a MoSiz matrix and alumina in a mullite matrix. For a silica particle in
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an infinite MoSiz matrix, A a = 7.56 x 10"  ^ m m *°C ', thus the matrix will be in hoop 
tension and a crack will be attracted to the silica particle. A a = 2.5 x 10"  ^ m m '*°C ' for 
m ullite in an MoSiz m atrix, so again the m atrix is in hoop tension. But for alum ina in an 
infinite m ullite matrix A a = -2.4 x 10"  ^ m m ''° C ’ the matrix is in radial tension and 
cracks would be repelled from the alum ina particles.
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re 0.008 0) AI203mullite
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Figure 6.15 Graph to show variation of linear thermal expansion with temperature for the 
constituent phases.
From analysing the residual stress data both silica and mullite in a MoSiz m atrix should 
attract cracks. This potentially increases the chances o f  crack particle interaction leading 
to an increase in toughness. Deflection and branching o f  indentation cracks were 
observed in m onolithic MoSiz shown in figure 6.5 supporting this theory. On the other 
hand, the presence o f  alum ina effectively within a m ullite matrix will cause cracks to 
deflect away from the alum ina particles. This would cause crack deflection but the radial 
tension around the alum ina provides a crack path. Thus, where deflection o f  indentation
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cracks through the reinforcement phase was obseived (figure 6.6) it is likely to be 
following the radial tensile path around the alumina particles.
Although the room temperature mechanical properties have not been improved, it is 
expected that the high temperature properties will show a significant improvement. In § 
2.2.4 it was shown that the giain size was a controlling factor in creep resistance. 
Alumina and mullite would both act as grain boundaiy pinning points, improving the 
high temperature stiength and creep resistance by preventing particle reaiTangenient. The 
improvements in creep resistance exhibited by other ceramic reinforced MoSiz materials 
would suggest that alumina should improve creep resistance. Limited studies by Costil et 
al (1997) on the creep of alumina reinforced MoSiz showed a 25% improvement in creep 
rate for composites containing between 15 and 50 vol% alumina. This improvement 
increased to a fifth of the creep rate for a 70 vol% alumina composite compared with 
monolithic MoSiz.
Given a suitable annealing treatment to complete the conversion of silica to mullite, the 
properties would be further improved. Using a finer alumina powder or higher 
concentrations of alumina to reduce the diffusion distances, would also achieve a similar 
objective and would further improve the properties.
Both low and high temperature properties would be improved by using an acicular foiin 
of alumina. Maloney and Hecht (1992) demonstrated that Saphikon™ fibres did not 
significantly affect the low temperature properties of MoSiz but high temperature strength 
was improved. The use of alumina short fibres or platelets potentially offers the best 
property improvements. These would allow load tiansfer from the end of the particles 
into the matrix.
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6,6 Sum mary
Vickers hardness results showed that both the monolithic and composite materials exhibit 
an indentation size effect. The ISE index is in good agreement with data quoted in the 
literature for brittle materials. The increase in hardness observed with increasing alumina 
content is consistent with the removal of silica by conversion to mullite. The threshold 
load for crack formation was around 100 gf. Well-developed median-radial crack 
systems were obseived for loads of 2.5 kgf and above.
Indentation fracture toughness testing suggested that there was a veiy small improvement 
in the fracture toughness of molybdenum disilicide with increasing alumina content. 
Indentation data over a range of loads suggested that a small degree of R-curve behaviour 
was present. Testing of specimens using the DCB method showed no R-curve behaviour, 
all samples appeared to fast fracture once a critical load was reached at a similar value of 
Kic-
The observed stiength, although higher than expected, generally showed a small decrease 
with increasing alumina content. Due to the brittleness of the material and the spread of 
the data this decrease in stiength is negligible. Estimating the elastic modulus in bending 
from the deflection data suggested that the modulus was not changing significantly. This 
is consistent with the trend of the elastic modulus calculated using the Tsai-Halpin model, 
although the measured values were lower relative to the calculated values.
The potential improvement in high temperature properties, although not characterised, 
has been discussed. The composites are expected to show a significant improvement in 
high temperature strength and creep resistance with increasing alumina content.
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Conclusions and Further Work
7.1 Conclusions
This research work has concenti'ated on studying the effects of alumina on the 
microstructure of powder processed molybdenum disilicide. The following conclusions 
have been drawn from this thesis.
Silica inclusion in powder processed MoSiz is difficult to avoid. Standard handling 
techniques mean that a dual oxide layer consisting of silica and M0 O3 develops on the 
powder surface. Processing of this powder leads to the inclusion of silica and reaction of 
M0 O3 with MoSiz resulting in the fonnation of more silica and MogSiz. The fine powder 
size used resulted in the microstructure consisting of approximately 12 vol% silica.
Silica appears beneficial to the early densification of MoSiz allowing particle 
rearrangement. After a sustained period at the processing temperatures used, the silica 
appears to spheroidise suggesting it is not wetting MoSiz.
Hot-pressing using graphite dies and inclusion of surface contaminants result in some 
silica being reduced by carbon to form SiC.
The addition of alumina to MoSiz had a small refining effect on the matrix grain size and 
appears to have prevented abnormal matrix grain growth.
The silica dissolves alumina forming crystalline stoichiometric mullite and a residual 
silicon rich, aluminium containing glass. After a 24 hour arrnealing treatment at 1600°C, 
the residual glassy phase was converted to mullite.
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Mullite appears to have nucleated heterogeneously at the alumina interface when silica 
was local to the alumina and subsequently grown, consuming alumina and silica. No 
apparent orientation relationships were observed between alumina and mullite.
Mullite could have homogeneously nucleated in discreet silica particles once sufficient 
A1 diffusion has occuned to enrich the glassy phase to the stoichiometry of mullite.
Raising the processing temperature increased the rate of mullite growth but increased the 
anisotropy in the observed mechanical properties.
The hardness of MoSiz irrcreased with increasing alumina content even though mullite 
has a lower hardness value than MoSiz. This change in hardness can be explained by the 
removal of silica and its conversion to mullite.
The removal of silica and conversion to mullite did not significantly alter the fiacture 
characteristics of powder processed MoSiz. Cracks were neither attracted nor repelled 
fi'om the secondary phases. MoSiz tended to fiacture in a transgranular fashion, 
suggesting that there are weak cleavage planes in the matrix material. When a crack did 
interact with a silica particle deflection was observed. When a crack interacted with an 
alumina/mullite particle it tended to fracture following the alurnirra interface. Calculating 
residual str'esses resulting fr om the processing explained these events and the similarity of 
crack interactions in the monolithic and composite materials.
Although low temperature properties were relatively uncharrged, the microstructure 
should impart significarrt improvements in the high temperature strength and creep 
resistance. The amorphous silica content has been reduced and the stability of both 
alumina and mullite at elevated temperatures means they will act as grain boundary 
pinning particles. The apparently strong interface between mullite and MoSiz will be 
beneficial to improved creep resistarrce.
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Chapter 7: Conclusions and Fmiher Wof'k
1,2 Further W ork
Whilst the findings of this project have shown that alumina additions to MoSiz lead to the 
removal of the silica and formation of mullite and aluminosilicate glasses, there are 
further topics that have been identified during the course of this research that merit 
attention. These topics can be divided into short and long term goals.
Initial short term aims are to find an appropriate annealing treatment or to optimise the 
processing conditions to promote the complete conversion of amorphous silica to mullite 
without significantly degi'ading the material and its properties.
The hypothesis that creep rates and high temperature strength are improved is in need of 
investigation as well as characterization of the influence of the reinforcement during 
these tests.
The oxidation mechanism is worthy of investigation to ensure that mullite formation is 
not detrimental to the good oxidation resistance of MoSiz-
Longer teim aims include investigating the influence of both the MoSiz and AlzOg 
starting powder sizes on the mullite formation and growth. Increasing the alumina 
content to effectively produce MoSiz reinforced alumina may provide the best 
compromise on properties in this system. The influence of an acicular reinforcement, 
such as platelets or whiskers, could potentially impart a better toughening effect to 
MoSiz. Revisiting fibre reinforcement, in the knowledge of the interaction of alumina 
with silica, is worthy of investigation to optimise the properties.
hivestigating the influence of alumina reinforcement on an alloyed MoSiz matrix could 
lead to better fracture behaviour at lower temperatures whilst retaining the high 
temperature properties.
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APPENDIX 
The Straining Stage: Development and 
Modification
A.l Introduction
To evaluate the hacture touglmess of the molybdenum disilicide composites, the 
double cantilever beam teclmique was chosen as the most suitable method. This 
teclmique should allow observation of both stable and unstable crack grawth within a 
sample. A detailed description of this technique is presented in chapter 6. This 
appendix details the development of the straining stage built to perfoiin in-situ testing 
of samples within a scanning electron microscope (SEM), where the gieater resolution 
of a SEM would allow for better characterisation of crack-paiticle interactions. The 
original stage was built to fit a Cambridge Stereoscan SI00 SEM, which is no longer 
in use. Modifications were required for the stage to be used in one of the cuiTent 
SEMs available at the Microsti uctiu al Studies Unit of the University of SuiTey.
A.2 History of the Stage
The original straining stage pictured in figure A.1 was developed in the Department of 
Mechanical Engineering of the University of Surrey by Schoenewald (1991). The 
stage consisted of tliree main components: the fiame, the driving mechanism with the 
driven crosshead and the fixed crosshead with the load cell.
The fi ame was constiucted of aluminium to minimise weight and the mass centied 
near the observation centre. The fi-aine held all the other components of the stage and 
provided a working volume of 60 x 20 x 2 imn within which different test fixtures 
could be mounted.
167
________________________ Appendix, Straining Stage: Development and Modification
The driving mechanism consisted of a 12 V 2 phase DC stepper motor, a drive belt 
and gear box to control the cross-head giving a maximum speed of 0.4 mm/min. The 
other crosshead was fixed to an Entran semiconductor load cell with a maximum 
working load of 445 N.
30  m m
Figure A. 1 The original straining stage design as used 
successfully by Trusty (1995) to perform DCB testing of alumina- 
iron composites.
To control the stage and record the crosshead speed and specimen load, the stage was 
interfaced with an Apple Macintosh SE computer with a National Instruments Lab-SE 
card running LabView software. The software and hardware controller interface 
(containing the stepper motor controller and signal amplifier for logging purposes) 
were designed by G. Richardson of the Department of Mechanical Engineering.
In this configuration, the stage was used with success by Trusty (1995) to measure 
fracture toughness and R-curve behaviour of iron reinforced alumina matrix 
composites. Observation was performed using a Cambridge Stereoscan 8100 
scanning electron microscope operating at 15 keV.
In its original state, it was found that the motor generated sufficient heat to affect the 
properties of certain materials, usually polymer based, that were being tested. The 
stage was subsequently modified by removing the motor from the frame and locating
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it within the feedtlirough portplate. Drive was subsequently transfeiTed to the stage 
using a flexible drive shaft. Also added was a separate thermocouple to monitor the 
temperature in the SEM chamber. This was the starting point ftom which further 
modifications were required, since the S I00 SEM originally used is no longer in 
service.
hi the absence of a suitable SEM, Ji (2001) used the stage to perform DCB testing on 
alumina-clii'omium composites using a travelling light microscope but the limited 
magnification and depth of focus offered was insufficient for a complete analysis. 
The complete stage, feedthrough and diive cable were mounted onto a separate fiame 
to contain everything suitable for use with the light microscope.
A 3 Market Research
Before design and construction of a modified stage began, it was deemed pertinent to 
examine what was available commercially. If the cost of building a new stage was to 
be similar or more than the cost of purchasing a suitable alternative, then buying a 
stage would be more viable.
There is a wide variety of tensile and compression strain stages available 
commercially with a range of loading capacities, alternative test configurations and 
heating or cooling fixtmes. The example given here is typical of what was available 
that met most of the desired requirements.
Deben UK Ltd offer a variety of Microtest uniaxial, biaxial and three-point bend 
stages that are adaptable for most microscopes. The 300 N, pictmed in figure A.2 (a), 
and 2 kN tensile testing modules offered the desired functionality and both could be 
adapted to fit some of the available microscopes. These stages have been specifically 
designed to facilitate observation of the high stress region of a sample in an SEM or 
under a light microscope, keeping the aiea of interest centred by using a dual screw 
consti'uction to drive the two crossheads apart simultaneously. With overall
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Figure A. 2 (a) Deben Microtest 300 kN tensile testing stage; (b) stage fitted 
to a Jeol JSM-5600 SEM.
dimensions of 80x52x25 mm (LBH) the stage is compact and can easily be 
accommodated on an SEM stage, as shown in figure A.2 (b), whilst maintaining an 
appropriate working distance. These stages are constructed primarily from vacuum 
compatible materials. Displacement control is motorised and strain gauge assemblies 
are fitted to monitor the force exerted on samples. The provided software is Microsoft 
Windows^*  ^ 9x/2000/XP compatible and can control the stage via an RS-232
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communication port, displaying the results live on screen. The basic cost of this unit 
is £6,500 but would need the manufacture of alternative grips suitable for loading the 
DCB samples.
Similar devices available from other manufactur ers are comparably priced. The cost 
of these stages is quite high and none will do the required job without frirther expense 
to produce suitable grips. Potentially the School of Engineering workshop, which has 
experience with producing devices for liigh vacuimr equipment, could manufactme a 
rrew stage to suit the requirements. The existing stage is too large to fit the 
microscopes available. Because of its modular design, reusing some of the 
components is possible, thus minimising expenditiue. Stage control and data logging 
capabilities already exist with the Apple Macintosh and data transfer to a PC is 
relatively str aightforward to achieve. The question of whether a new modified stage 
could be built for significantly less cost than the commercially available options, and 
provided a wider range of test capabilities is discussed in the following sections.
A.4 Considerations for the Redesign of the Stage 
A.4.1 Introduction
Although the functionality of the stage is ideal for DCB testing, it is incompatible 
with the SEMs available. Thus, the stage needed to be modified and redesigned to 
function as it was initially intended.
This section will outline the considerations for the redesign of the stage from choice 
of microscope to stage requirements. At present, the Microstructmal Studies Unit 
(MSSU) of the University of Suney possesses tlrree SEMs that potentially could be 
used in conjunction with the straining stage. The choice of which microscope is most 
suitable came down to many factors mcludmg ease of modification, imaging 
requirements and usage patterns.
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Subsequent stage modifications required input fi*om both the MSSU staff and the 
School of Engineering workshop who perfomied the modifications.
A.4,2 The Microscopes
Before discussing the microscopes available, it would be pertinent to consider the 
considerations specific to any of the SEMs when using them for something other than 
their original puipose. Table A.l outlines these requirements.
Table A.l Design considerations regarding stage use within an SEM.
Consideration Reason
Minimise the modifications to the 
microscope
Do not wish to impair tlie microscopes performance 
when tire stage is not in use.
Stage set-up time should be minimal Other users need the microscopes for their research, 
down time needs to be kept as low as possible.
Disturbing the vacuum system should be 
kept to a minimum
Again related to down time and vacuum pump efficiency 
must not be compromised
Capitalise on the chamber space available Fiting of alternative grips for other test methods, 
maximise stage movement (x, y, z axes) for sample 
analysis. Ideal working distance from the objective lens 
is approximately 11 mm -  requhe height adjustment
Now consider the microscopes available, the tluee SEMs are*:
Hitachi S-3200N - A variable pressure SEM with backscattered electron detection, 
quantitative X-ray analysis and imaging at pressures up to 1 Pa. Comprehensive image 
analysis software.
Jeol 8600 Microprobe - A dedicated probe with quantitative EDX and WDX analysis, 
imaging and backscattered election detection. The WDX (Oxford Instmments 'Microspec' 
spectrometer) offers excellent energy resolution and low atomic number sensitivity.
Hitachi S-4000 - A cold field emission SEM with a spatial resolution of 1.5 nm and 
backscattered election detection. High perfomiance at low kV.
It was decided that on balance the S-4000 would be the most appropriate SEM to 
redesign the stage to fit. Manufacturing a stage small enough to fit through the 
exchange chamber with the associated feedthiough requirements tlrrough that 
chamber was deemed not to be feasible. As such, stage insertion would have to be
Reproduced from littp://www.siuTey.ac.uk/MME/MSSU/index.htiril.
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through the main chamber door that housed the microscope stage on the vacuum side 
and the stage translation controls on the air side. As a result, to change a specimen 
would require the chamber to be let up to air and evacuated again each time.
A.4.3 Consideration of Stage Design to fit the Hitachi S-4000
Upon deciding that the stage would be modified to fit the S-4000 SEM, the followmg 
design criteria were drawn up:
1. Materials used in construction must be vacuum compatible.
2. As many of the original components were to be used as possible to minimise 
expense.
3. Minimal modification of die SEM to be performed.
4. Straining stage to act as a sub-stage by mounting to the microscope stage to 
allow translation of the area being obseiwed.
5. There must be a path of electrical conductivity between the sample and the 
microscope stage to earth the apparatus.
6. Maximum stage translation in both die x- and y-axes is limited to ± 12.5 mm 
from the centred position. At the extreme positions, die stage should not 
interfere with the detectors or foul the chamber wall.
7. Maximise the working volume of the stage to allow fitment of alternative grips 
or test equipment.
8. Electrical/motion feedtlnoughs must be compatible with the microscope and 
the vacuum system.
By first stating these criteria, an efficient design process could be developed that 
would lead to the design of an optimiun stage. These criteria were used to produce 
concept designs that evolved into the final stage design.
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A.5 Stage Design and Testing
To examine the dimensional limits for any stage modifications, the chamber of the 
microscope was opened up for examination. The chamber door holds the microscope 
stage and stage translation controls. The entire unit can be withdrawn from the 
chamber and is pictured in figure A.3 (a). The door containing the translation controls 
are labelled A. Adjusting the z-axis and tilt affects the whole of the stage to the left of 
the door in this figure. Translations in the x- and y-directions and twist move only the 
central portion labelled B. Also at this point is the method of mounting a sample to 
the stage. In use, samples aie fitted to a sled that clips into place between the rails at 
position B. Ideally, the modified stiaining stage should be made to attach in a similar 
way to avoid any mmecessaiy dismantling of the microscope stage. The component 
marked C is removable via four screws and would give a maximum length of any 
stiaining stage to be approximately 150 mm. The puipose of this component is to 
hold the microscope stage rigidly in place by butting up against a spike at the back of 
the chamber pictured in figure A.3 (b). Also shown in (b) is the secondary electron 
detector (E), which can be seen more clearly in the inset along with the pole piece of 
the microscope. Care must be taken to ensure that the straining stage does not come 
in to contact with either of these components. The position of these components 
represent the limits of travel of any straining stage in the x-y-z directions.
On balance, the best approach for diiving the stage was to mount the motor on the 
stage and drive the gearbox directly with a drive belt. The chamber below the stage is 
deep, thus placing the motor below the straining stage would maximise the available 
movement in the x-y plane and lower the centre of gravity of the entire stage. This 
also has the advantage that a simpler electrical feedtlii'ough is all that would be 
required to power the motor and log the retmmng data, which could be puichased 
commercially, being specifically designed to be vacuum compatible.
Drawings for the new straining stage design were diawn up, incoiporating the original 
gearbox and load cell, by M. Harper of the School of Engineering workshop and are 
shown in figure A.4 This design has a maximiun displacement of 40 mm, depending
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à
Figure A. 3 (a) The S-4000 stage showing, A, the door housing stage translation controls, B, the 
sample mounting point, C, the butt plate to hold the stage rigidly in place; (b) inside the SEM 
chamber showing, D, the spike that the component C butts up against and E, the secondary 
electron detector (also pictured in inset along with the pole piece).
on the grips fitted, with internal width and depth of 50 mm and 35 mm respectively. 
This gives a large working volume and broad potential for adaptation to other test 
configurations. One concern that had arisen from the design was the location of the
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secondary electron detector. This detector needs to be in line of sight of the sample 
for an image to be obtainable. To test this, a mock-up stage was covered in 
aluminium tape in the area relating to the sample. The tape was marked at the central 
point to represent the mieroscopes optical axis and the stage inserted in the SEM. 
Imaging of the aluminium tape proved successful, thus construction of the actual stage 
began.
Proposed 'Shortened' Straining Stage 
for Hitachi SEM
Pkw« Note
HMdto rKfac» ovm ll Im gh 
oOjnss 'mi up' 
A sp o -d n n ig
PentDnur ofb«lt » ippmx 174 mm. B*k ICO. 85 (pos* MXL87)
0 08"piL t X 0.350 widt. 
from HPC 0*m
, Load CtU
40iaujmss
MOTORX.Y. Z. supAdmux -  Sm KUchid Ikmnnx
Figure A. 4 Final stage design plans incorporating original gearbox and direct belt drive from 
the underslung motor (after Harper, 2002)
Vacuum compatibility testing of components was essentially carried out by placing 
the materials in the specimen chamber and monitoring the vacuum using the gauges 
on the SEM. Some materials had a tendency to outgas in the vacuum for several 
minutes. The vacuum pump system of the microscope was efficient enough to return 
and maintain the required vacuum level after an initial pump down time. To 
safeguard the microscope, the stage and all components and samples were cleaned 
with alcohol wipes, dried and stored in a large dessicator to minimise adsorption of 
contaminants that would subsequently out-gas un the vacuum. Once let up to air, the 
microscope stage and straining stage were handled wearing suitable gloves to prevent
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transfer of grease to any component and the stage loaded into the chamber in as short 
a time as possible.
The stage with a DCB sample in place were placed in the SEM for final testing of 
vacuum compatibility and imaging. Imaging of the sample to the extremes of the 
displacement controls in the x- and y-axes was possible and the stage did not interfere 
with the detectors or the chamber wall. Care was taken in selecting an appropriate 
electrical feedthrough that was compatible with the existing hardware to minimise 
rewiring and that the through conductors would not degrade the required signal 
transmission. The feedthrough purchased consists of two 15 pin, RS-232 style 
connectors (figure A.5) fitted within a suitably shaped port plate. Appropriate 
connectors were fitted to the air- and vacuum side wiring for easy assembly.
0  69 .00 mm90.00
15 p in  R S -232  ty p e  f e e d th ro u g h  
to  b e  fitted  to  p o r t  p la te
Ho I e f o r  M4 nu t
Vacuum s  ide7 .20 mm
A i r  s i d e
P o r t  P l a t e  f o r  S - 4 0 0 0  S E
Figure A. 5 The 15 pin feedthrough (inset) to be fitted to a port plate for the S-4000 (not to 
same scale).
Data transfer from an Apple Macintosh to a PC is relatively straightforward. On the 
spot data transfer was achieved by making a null modem cable to connect the DIN-8
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serial (modem) port of the Mac to a DB-9 serial port of a PC following the plans 
detailed on The Mac SE Support Pages available over the intemetf By installing and 
using freely available Z-modem protocol compatible terminal emulation software^ on 
both the PC and the Mac, file ti-ansfer could be easily perfoiined.
Inserting the straining stage into the microscope consisted of first letting the chamber 
up to air. Secondly, the chamber was opened up and the microscope stage withdrawn. 
The straining stage is mounted on to the microscope stage as shown in figure A.6 (a) 
and the vacuum side feedthrough connected up inside the chamber. Once the stage 
was reinserted, the microscope was allowed to pump down for approximately two 
hours before turning on, to ensui*e that a reasonable vacuum had been obtained. 
Figiue A.6 (b) shows the microscope set up and ready for operation with the sti*aining 
stage in place. Figuie A.6 (c) is an image fi'om the inhared chamber camera, showing 
the sample centred imder the pole piece of the microscope with an approximate 
working distance of 12 mm.
Two final modifications to the stage were added. The first, a diive belt tensioner, was 
added to prevent the belt from slipping, which occasionally occuned at high strain 
rates. The second modification was performed to allow for a greater degree of choice 
as to the position of the straining stage on the microscope stage. By macliining a long 
gi'oove for the screw used to connect the stage to the sled, the straining stage could be 
offset relative the microscope stage. From the centred position the microscope stage 
could only be moved ±12.5 mm. This modification of offsetting the straining stage 
meant that when optically centred the sample could be translated the full 25 mm of 
travel.
 ^The Mac SE Support Pages http://www.edprint.demQn.co.uk/se/ (January 2003)
 ^Temnnal v2.2 mstalled on the Mac; Tenateim vl.4 installed on the PC; both pieces of software are 
freeware.
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^Samplem m  '
Figure A. 6 (a) the straining stage sited on the microscope stage; and (b) The S-4000 set up with 
the straining stage ready for use; (c) Infrared chamberscope image of the stage and sample set­
up.
179
Appendix, Straining Stage: Development and Modification
A.6 Future Work
A.6.1 Introduction
This section will outline proposed work that could be carried out to improve the stage 
as a result of the testing performed so far. The projects are divided into two sections, 
ideas that relate directly to the stage and the microscope, and those that involve the 
electronics and control.
A.6.2 Stage Modifications
The straining stage itself has a relatively large displacement capability and sufficient 
depth to give a reasonable working voliune. This means that a variety of tests can be 
performed if the cori’ect clamps are made. One problem that was encountered was 
that vibrations from the motor at test speeds over approximately 0.1 mm/min 
deteriorated the image seen on the displays.
As part of the fitting procedure, previously detailed in § A.5, a component of the 
microscope stage needed to be removed. This component was designed to stabilise 
the stage, maldng it rigid, by butting up against a spike on the chamber wall. Without 
this component, external vibrations could also affect the image, even though the 
microscope itself is damped. A modification to the straining stage and to the 
microscope stage to limit vibrations affecting the image are proposed. The straining 
stage could be modified to include a spring loaded ball-bearing in the base that locates 
on to the microscope stage. This would stabilise the configmation and help to 
alleviate some stress on the microscope stage caused by the asymmetric weight 
distribution. The second modification to the microscope stage would involve 
producing a new stabilizing arm to loop below the strahiing stage and butt up against 
the spike at the back of the chamber. Both of these modifications are relatively 
simple to achieve and would improve the image quality at higher magnifications 
whilst the straining stage is in use.
180
Appendix, Straining Stage: Development and Modification
A.6.3 Stage Control Modifications
Despite having simplified data transfer from the Mac to PC, several issires remain 
regarding contr ol of the str aining stage. The Apple Macintosh in use is ageing and 
parts for any repairs are scarce. Ideally, it would be desirable that control be 
transferred to a PC. The simplest solution is to piuchase the LabView software for a 
PC and a suitable data acquisition card. The software would need to be rewritten, but 
using the version on the Mac, this would be relatively straightforward. The one 
remaining problem is the reliability of the control electr onics, which ar e, for the most 
part, over ten years old. In theory, converting straining stage control to a PC is 
relatively straightfbrivard, for minimal expenditiue. fir practice, tliis would require 
someone with a reasonable amount of electronics understanding and knowledge of 
PCs witlr some programming experience to complete the project.
A .7 Sum m ary
This appendix has smmnarised the redesign and modification of the straining stage to 
fit into the Hitachi S-4000 SEM belonging to MSSU of the University of Siurey. 
Reviewing a typical stage commercially available assisted in the design process and 
showed that it was more economically viable to modify the existing stage rather than 
piuchase a new one. By rebuilding the stage to suit the microscope, more versatility 
could be engineered into it for future modifications. Testing of the stage proved 
successful and the required DCB tests were performed.
Fiuther modifications to the stage have been proposed such that image stability can be 
improved. Recommendations for data acquisition and stage control using a PC have 
also been outlined to assist future operators.
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